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Foreword
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Summary

This contract involved the direct collaboration between ORION researchers, Drs. Skip Williams
and Dale Levandier, and the laboratory personnel of the USAF Customer. The 11 attached

* publications fully describe the research to which the work completed under this contract has

contributed. These publications are listed below. The body of work detailed here is in full
compliancé with the changes in Customer requirements, due to amendments in Customer
priorities over the duration of the contract. These revisions in Customer priorities are dir;ectly
related to the changes of Customer affiliation dur‘ing the contract period of performance,
through the following organizations: PL/WSSI (Spacecraft Interactions), PL/GPID
(lonospheric Effects), PL/GPOS[C) [Clutter.- Mitigation), AFRL/VSBM (Background Clutter

Mitigation), and AFRL/VSBS (Space Hazards).

The principal elements of the'original contract proposal comprised the studies of a)
hyperthermal ion-molecule reactions, b) plasma dynamics, c) hyperthermal neutral-neutral
reactions, d) neutral and ionic water clusters. While the specifics in each category have been
affected by the changes in Customer priorities, each category has been addressed by the

work performed under this contract.

Hyperthermal ion-molecule reactions

Publication (1) is a study on the most important ion-molecule reaction occurring in the
contaminant cloud surrounding the space shuttle and, in general, newly launched space
vehicles. This paper contributed to an ongoing study that culminated in the development of a
model describing chérge transfer reactions with water, as described in publication (2]. Some
of the principles elucidated in this work, on exothermic charge transfer reactions, are
generalized in publication (B).

Publications (8] and (10) also relate to reactions between ionospheric ions and molecules

released by space-based systems.

Publications (3} and (5] involve ion-atom reactions in the ionosphere due to meteor activity.

This work relates to ionospheric effects, clutter mitigation and space hazards.




Publication (11) describes new information on one of the principal ion-molecule reactions in

~ the ionosphere provided by the state-of-the-art experiments used in this contract.

Plasma dynamics
Publications (3}, [5), (8), (10) and (11) all relate to observable plasma dynamic effects in the
ionosphere, including the occurrence of ionospheric ‘holes’ due to human activity, (8] and (10,

and sporadic metal layer activity, (3) and [5).

One of the original aspects of the contract proposal involved the Critical lonization Velocity
theory. Publication (3) describes the instrument developed for the determination of the O +
Ba charge transfer cross section. Preliminary work on this reaction was not followed up due

to Customer priority revisions, however this instrument will enable a return to this reaction in

" the future. The instrument described in Publication (3) was the basis for a US. Patent

awarded to the USAF:
High Temperature Octopole lon Guide with Coaxially Heated Rods. R. A. Dressler and D. J.
Levandier. U.S. Patent # 5767513, 1998.

Hyperthermal neutral-neutral reactions
The USAF equipment originally intended for use in these studies was determined to be
inadequate. The equipment in question, a high temperature mass spectrometer, was used in

support of the work described in Publications (3) and (5).

Neutral and ionic water clusters

The initial Customer interest in ionic water clusters evolved to interest in ionic clusters of
water with other molecules and other ionic clusters relating to spacecraft interactions and
other phenomena outlined in the relevant publications. Publications (4), (7] and (9) describe a
series of studies on the {N:0*H.Q] cluster ion. This joint USAF-ORION effort also resulted in
the development of a new application of the USAF guided-ion beam facility, as described in
Publication (8). This application comprises the detailed aralysis of the dynamics of the
photodissaociation of ionic clusters using a combination of the guided-ion beam time-of-flight

experiment with a variable field octopole ion guide.

After a brief examination of the feasibility of studying neutral water clusters in the existing
USAF facilities, this program of work was discontinued.




' List of Attached Publications:
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Abstract

Guided-ion beam methods were used to measure the absolute cross sections for OH*/OD* derived from O* and
H,0/D,0 collisions over the range of 0.25-20 eV relative energy. The cross sections for the isotopic homologues have the
same form, a bimodal behavior that appears to be related to the thermochemical thresholds for two reaction channels that
give rise to OH*/OD™*, The analysis of time-of-flight (TOF) measurements, based on the osculating complex model, is
compared to phase-space theory calculations. The results indicate that the low-energy channel involves atom transfer via an
orbiting complex. The high-energy feature appears to be associated with the opening of the OH* /OD*+ OH/0OD AS*

channel.

1. Introduction

As the primary ion—molecule reaction involved in
the interaction between the ambient low-earth orbit
atmosphere and the so-called spacecraft contaminant
cloud [1-3], the charge transfer process

O*+H,0 - H,0"+0 AHj;=—10leV
(1)

has been the subject of renewed interest [4-9]. In a
recent study, Li et al. [9] observed for the first time a
hydrogen atom abstraction channel for the O* + H,0
collision system, which constitutes ca. 1% of the
total cross section. The energy dependence of the
absolute cross section for OH™ production revealed

two features, which were interpreted on the basis of
thermochemical thresholds to involve the reactions

0% (‘S) +H,0(X'A))
- OH*(X’¥7) + OH(XII,)

AHS=0.11eV (2)
0*(*s) +H,0(X'A,) » OH*(X’3") +O+H
AHS = 4.55¢eV. (3)

The low-energy feature, reaction (2), is attributed to
a collision complex mechanism, due to the rise from
the threshold to a maximum at ca. 0.5 eV, followed
by a decrease in cross section with energy. The
high-energy feature in the OH™ cross section is
associated with the 4.55 eV threshold for reaction (3)

0009-2614 /96 /$12.00 © 1996 Elsevier Science B.V. All rights reserved
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and is suggested by Li et al. to derive from a
stepwise process involving endothermic charge
transfer to the H,0* B”B, state, which has been
observed to predissociate to OH* [10]. Similar ob-
servations have been seen for O*(*S) + CO, and
O*(®>D,?P) + N,, where the cross sections for CO™*
and C*, and for N* have onsets consistent with
dissociation from a charge transfer intermediate
[11,12].

The aim of the present work is to gain more
insight into the hydrogen atom abstraction by study-
ing the effects of isotope substitution on the absolute
cross section for the reactions

0*(*s) +D,0(X'A,)

- OD*(X’37) + OD(XIL;)

AHSg =0.16eV (4)
0*(*s) +D,0(X'A,)

- OD*(X’S")+0+D AH=4.65eV
(5)

Product ion time-of-flight (TOF) measurements are
presented, which provide information on energy par-
titioning and the scattering dynamics.

2. Experimental

The guided-ion beam instrument used in these
studies has been described elsewhere [13], and fea-
tures a two-segment octopole ion guide—collision
cell arrangement imbedded in a tandem mass spec-
trometer. The primary O* ion beam is injected into
the first 7.4 cm long octopole after being produced
by electron impact dissociative ionization of CO,,
and mass selected in a Wien filter. The O* ions are
almost exclusively formed (ca. 98%) in the ground
state by keeping the electron energy less than 2 eV
above the appearance potential for O* from CO,
(19.1 eV) [14]. The first octopole passes through the
3.5 cm long collision cell, in which the target gas is
maintained at pressures < 0.200 mTorr for the abso-
lute cross section measurements, and < 0.260 mTorr
for the TOF experiments. Transmitted primary and
product ions pass into the second 16.7 cm long
octopole segment at the exit of the collision cell and

are transported to the quadrupole mass filter, which
employs a channel electron multiplier for ion detec-
tion. Data acquisition is achieved by passing the
amplified detector output to a PC-based multichannel
scaler. For the work discussed here, an octopole RF
amplitude of ca. 100 V (at 10 MHz) was used, which
should ensure nearly 100% collection of all reaction
products without affecting the velocity distribution
[15).

Absolute integral cross sections are obtained by
integrating the mass spectrometer signal intensities

of product ions I,. and transmitted primary ions

I, and using the equation:
I
o= sec , (6)
( Isec + Iprim )nl

where n is the target gas density, measured with a
capacitance manometer, and [/ is the effective inter-
action length, determined as described elsewhere
[13].

Product ion TOF spectra are obtained by pulsing
the primary ion beam with a deflector electrode just
in front of the octopole injection optics, and measur-
ing the ion flight times using a time-to-digital con-
verter. Very slow ions, which would otherwise result
in background in subsequent timing cycles, are elim-
inated by operating the octopole in an RF burst
mode, in which the trapping potential is turned off
briefly prior to the next cycle.

For these experiments ion beam energies are
known to within +0.1 eV, with energy spreads of
0.30-0.35 eV fwhm.

3. Results and discussion

The collision energy dependence of the absolute
cross sections for OH" and OD* production from
collisions of O* with H,O and D,O over the energy
range of 0.25-20 eV is shown in Fig. 1. Also plotted
is the OH™ cross section measured by Li et al. [9].
Considering the < 30% absolute error we estimate
for the cross section measurements and the > 25%
error indicated in the other work, the OH™ cross
sections are in good agreement. A dramatic isotope
effect is observed that exceeds the < 10% uncertain-
ties we estimate for the isotopic comparison from
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reproducibility tests. The OH™ and OD* cross sec-
tions exhibit the same bimodal behavior; however, in
the low-energy region the ratio of OH* to OD”
cross section is ca. 3, whereas in the higher-energy
region the ratio is ca. 2. The difference in onsets for
the high-energy OH* and OD™ features is greater
than would be expected from the 0.1 eV difference
in the heats of reaction for the normal and heavy
water systems. The threshold for reaction (3) is
indicated in Fig. 1 with an arrow.

The results of OH™ and OD* TOF experiments
at collision energies near those at the maximum of
the low-energy feature are presented in Fig. 2. The
data are plotted with respect to the laboratory veloc-
ity component parallel to the ion beam axis, v;,, after
having been transformed from the raw TOF data, as
described previously [16]. Also indicated on each
plot are the velocities of the system center of mass,
oy, and of the thermochemical limit for forward
scattered product ions, ";ma; The present convention
defines the direction of the ion beam as the forward
direction, in both laboratory and CM frames.

For both systems, the product ion laboratory ve-
locity distributions seen at the low collision energy
show scattering peaked in the forward direction,
however there are substantial backward scattering

0 O'+H,0—>OH";Li,etal
2r e O'+H,0—> OH"; present work
3 ¢ O"+D,0->»OD"; present work
< o
=3 -
2 O
v e} i o
é .... ...
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> e o o
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Fig. 1. Relative collision energy dependence of the cross section
for OH* /OD* from reactions of O* and H,0/D,0. The
present OH* measurement is compared to results by Li et al. [9].
The arrow indicates the threshold for reaction (3).

O'+H,0—> OH"+OH
a E;=11¢cV
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£
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OF, o iy 1 ah T ggee
0" +D,0-» OD*+0D
b E;=12¢V
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Fig. 2. Laboratory velocity distributions f(u}) of (2) OH* and (b)
OD™ from reactive collisions of O with H,O and D, 0, respec-

tively, at the relative energies shown. v;, is the OH* /OD™

velocity component parallel to the octopole axis. The vertical
dotted lines are at the positions of the velocity of the center of
mass (v ) and the thermochemical limit of product ion labora-
tory velocity (v, ), as indicated. The solid curves are simula-
tions based on the osculating complex model with 7. /7. = 2. The
product velocity distributions derived from the fits are shown in
Fig. 3.

intensities. The velocity distributions also indicate a
significant amount of translational to internal energy
conversion, as evidenced by the considerable product
intensity in the vicinity of the CM velocity. Such
velocity distributions are consistent with products
evolving from a collision complex with an average
lifetime that is comparable to the complex rotational
period, and supports the interpretation by Li et al.
that the low-energy peak in the cross section in-
volves a long-lived orbiting complex.

To derive quantitative information on energy par-
titioning in the present systems, knowledge is needed
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of the angular scattering distributions. The angular
distributions are modeled using the osculating com-
plex model [17,18], which treats the angular distribu-
tion of fragments from an orbiting complex by ex-
pressing the scattering intensity as a convolution of
an angular distribution function for leng-lived com-
plexes with a fall-off function that accounts for the
random lifetimes of the decaying species. The ad-
justable parameters are the translational energy exo-
ergicity, AE;, and the ratio of complex rotational
period and complex lifetime, 7, /7.. By varying these
parameters and averaging over the reactant velocities
and over collision and scattering angles the experi-
mental velocity distributions can be simulated
[16,19], thus yielding energy transfer distributions.
The solid curves in Fig. 2a and b are the fits of the
velocity distributions. The poorer fit for the OH™*
spectrum, noticeable at high velocity, can be related
to the inability to resolve completely the primary and
product ion masses. The required subtraction of
poorly discriminated primary ion signal from the
product TOF spectrum results in greater uncertainty
in the data in the high-velocity region.

The product translational energy distributions re-
sulting from the osculating complex model fits are
shown as bar plots in Fig. 3a and b. For both the
water and heavy water cases, the simulations indicate
that the translational energy distributions are broad,
with reactive scattering resulting from events for
which 7./7, =2, corresponding to complexes that
survive for an average of half a rotational period.

The involvement of a collision complex in the
low-energy atom abstraction implies that statistical
product energy partitioning is possible. To test this
suggestion, we have performed phase-space theory
(PST) calculations [20,21] of the relative kinetic
energy distribution of OD*/OH* and OD/OH
fragments recoiling from the collision complex. In
these calculations, the exit centrifugal barrier is as-
sumed to determine the partitioning of the total
angular momentum between product rotational exci-
tation, J', and exit channel orbital angular momen-
tum, I/, the maximum of which is obtained as
follows, for a given recoil energy:

! ! ’ ' 2 1/4 -
Lmaxz[ETaez("L)/z] f l’ (7)
where o' is the polarizability of the neutral frag-
ment, and u is the product reduced mass. The

a O'+H,0->OH"+ OH
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®
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Fig. 3. Product translational energy distributions P(E7) derived
from the osculating complex mode] simulations of the laboratory
velocity distributions, shown in Fig. 2, for (a) OH™ and (b) OD"*
produced in 1.1 and 1.2 eV collisions, respectively. Also shown
are the product translational energy distributions derived from the
phase space theory calculations. The plots are normalized to unit
maximum probability. The widths of the bars and the spacing of
the PST points represent the energy resolution of the calculations.

maximum total angular momentum of the complex,
Foax» 18 estimated as the sum of the rotational angu-
lar momentum, J, of the room temperature target gas
and the maximum orbital angular momentum, L_,.,
implied by the cross section for complex formation,
Teomplex - The latter is taken as the sum of the reactive
cross sections measured in this work and the cross
section for complex-mediated O*+ H,O charge
transfer, estimated to be equal to the CM frame
forward-scattered charge transfer cross section deter-
mined in TOF studies [7]. Then,

Teomptex = (T/2Eq 1) (Loygy + 1)° 12, (8)
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where E; is the collision energy and w is the
reactant reduced mass. The input parameters for the
PST calculations are listed in Table 1. The largest
contribution to %, is derived from the complex-
mediated charge transfer cross section, which is ex-
tracted as a very minor component of the charge
transfer cross section and which is assumed to be-
have similarly with respect to collision energy for
the two isotopes. This difficulty in assessing 7.,
and the uncertainty in the osculating complex model
simulations limit the usefulness of the PST calcula-
tions to a qualitative level, however, some insight
into the collision dynamics can be derived.

The results of the PST calculations, for the re-
spective reactions at collision energies of 1.1 and 1.2
eV, are also presented in Fig. 3. Comparison of the
PST results with the osculating complex model simu-
lations shows that for OD* + OD products the statis-
tical model recovers the most probable product trans-
lation energy quite well, however the translational
energy distribution derived from the experiment
clearly has a broader high-energy tail. The observed
product translational energy distributions are thus
consistent with a complex-mediated reaction in which
the complex lifetime is just short of that required for
complete energy randomization in the products. This
system can therefore be interpreted as representing
an intermediate case between a mechanism involving

Table 1
Quantities used for phase-space theory calculations for reactions
(2) and (4) at collision energies of 1.1 and 1.2 eV, respectively

OH* +OH OD* +0D

By, (cm™1)? 16.42 8.77

Breyar €m™1) 2 18.55 9.88

v, cm™1)? 3034.9 2227.6

on

Veutral (cm™ 1) 2 3652.9 2676.2
ancutral (A}) be 1.16 1.16

Eppp (€V) ¢ 1.0 1.0

Fmax (B € 95 100

? Obtained from [29).

® Obtained from [30].

¢ Assumed the same for OH and OD.
d E,..i represented as a Gaussian distribution of FWHM 0.3 eV
centered at these values.

€ Fax TEDTESENLES as an arbitrary triangular distribution of FWHM

30 % centered at these values.

0"+D,0 - OD" + OD(0+D)
E;=122¢eV

100 |- . ®  — AE =-42eV

* o —— AE =-46eV

flv 'p,o[)*)

PIFUN TR SO S N S T S T S SOy 'S
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Fig. 4. Laboratory velocity distributions of OD* from reactive
collisions of O* with D,0 at the 12.2 eV relative energy. v; is
the OD* velocity component parallel to the octopole axis. The
vertical dotted line indicates the velocity of the center of mass
(UCM ). The curves are simulations of direct, forward scattering
atom abstraction events with AE;= —42 eV (solid line) and
AE;=—46 eV (dashed line), and are scaled arbitrarily to the
data.

a long-lived orbiting complex and a direct spectator-
stripping process, the latter being normally observed
for exothermic hydrogen atom transfer reactions
[13,22,23].

Although the osculating model simulations for
OH* + OH products indicate a substantial degree of
translational energy conversion, the PST results are
in poorer agreement for this isotopic system, possi-
bly owing to the lower density of states or the
shorter complex lifetime. The lighter complex is
expected to have a smaller rotational period, so for
the same 7,/7, ratio the lighter species would be
shorter lived, with less time for energy randomiza-
tion.

Fig. 4 is the velocity-transformed TOF spectrum
of OD* derived from O*+ D,O collisions at 12.2
eV, corresponding to the region of the high-energy
feature in the OD™* cross section. The velocity distri-
bution at higher collision energy also exhibits for-
ward and backward scattering, however, there is a
marked asymmetry in translational energy transfer
with respect to the CM velocity. This distribution
could arise from pure, low-impact parameter direct
scattering, where energy transfer is more efficient in
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the hard-sphere rebounding, which results in back-
ward scattering. Alternatively, a combination of
complex formation and direct forward scattering with
less efficient energy transfer may account for the
velocity distribution observed.

If three fragments are formed in a charge-trans-
fer—predissociation channel, as invoked by Li et al.
[9], the simulation of the product velocity spectrum
is not straightforward. On the other hand, it is inter-
esting to consider an atom transfer process that
accesses the OH/OD A’S* state, which has a
slightly lower threshold of 4.2 eV. Fig. 4 includes
two curves derived from simulations of a direct,
forward-scattered reaction channel (r,/7, =20) at
translational exoergicities of —4.2 and —4.6 eV, the
latter representing the three-fragment threshold. The
AE;= —42 eV curve reproduces the high-velocity
edge of the 12.2 eV TOF spectrum, which indicates
that some of the scattering at the higher collision
energies is associated with a channel that has a
threshold at ca. 4.2 eV, presumably the OH* /OD*
X?5~ 4+ OH/OD A*3* channel. A similar compar-
ison to a high-energy OH* TOF spectrum, obtained
with poorer S/N, supports this suggestion. It should
be pointed out that at 3.6 eV the OH* /OD* A’Il,
state becomes energetically accessible, but does not
appear to play a role here near the threshold. Al-
though the threshold is consistent with OD*/OH™
X 4+ OD/OH A products, the occurrence of the en-
dothermic charge-transfer—predissociation mecha-
nism cannot be ruled out at 12.2 eV. Further, it
cannot be distinguished whether the atom transfer
channel involves an initial charge transfer followed
by a proton transfer, which has been observed to be
more efficient than hydrogen atom abstraction {24].
In an additional effort to elucidate the high-energy
reaction mechanism, an *O* + H,O experiment was
carried out at 12.2 eV collision energy; however, it
was not possible to discern 18OH*, due to interfer-
ence from the very efficient secondary reactions of
charge transfer product (to give H,'°O*), nor was
eon+* clearly distinguished, due to the small cross
section and the large low-mass tail of the primary
ion peak in the mass spectrometer.

The difference in efficiency for production of
OH™ and OD" in collisions of O* with H,0 and
D,0 is remarkable, particularly in view of the expec-
tation that the product density of states should dictate
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that D,0O reacts more readily. Isotope effects in
ion—molecule reactions have been observed in a
number of hydrogen atom transfer systems
[13,22,25-28]; however, the explanation of the ap-
parently anomalous preference for H abstraction,
compared to D transfer, has met with limited suc-
cess. In studies of Ar™ and N3 reactions with H,O
and D,O [13], the difference in magnitude of the
exothermic isotopic hydrogen transfer cross sections
was attributed to spectator stripping, or pairwise
interaction, the isotope effect disappearing when the
cross sections were plotted against the relative colli-
sion energy of the ion and abstracted atom.

In reactions of Kr* 2P3/2 with H,, D, and HD,
the thresholds of a high-energy atom transfer channel
for the different isotopomers were accounted for by
spectator stripping, although the more efficient ab-
straction from H,, compared to D,, could not be
explained [28]. Similarly, in angle-resolved studies
of reactions of O* with H,, D, and HD [26],
spectator stripping was observed, although the greater
efficiency for abstraction by O* from H,, versus
D,, remains unexplained.

In the present endothermic reactions, the reaction
energy in a stripping mechanism must be supplied by
the pairwise interaction. For O*+ H,0/D,0, the
pairwise energies are equal to the thresholds at colli-
sion energies of 1.0 and 0.8 eV, respectively. The
isotope effect is thus not consistent with a spectator
stripping process, in accordance with the experimen-
tal observation that complex formation plays a major
role in the dynamics.

The substantial difference in isotopic thresholds
for reactions (2) and (4) could be a key contributor
to the observed isotope effects. An additional factor
may be provided by the present hyperthermal energy
conditions, in which the relevant interaction times
are comparable to the molecular vibrational periods.
In such circumstances, the phases of the vibrational
modes are not averaged over many vibrational peri-
ods. If the reaction probability depends strongly on
the phase of the relevant vibrational motion, in the
present case presumably the H,O asymmetric stretch
coordinate, the higher vibrational frequency associ-
ated with the lighter isotope would result in a greater
probability of the appropriate phase during the colli-
sion event. Moreover, it is conceivable that the reac-
tion probability increases dramatically with stretch-
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ing coordinate amplitude. The substantial difference
in isotopic zero point energies, signifying different
turning point amplitudes, would then further favor
the lighter isotope.

4. Conclusion

The cross section for OD* production in colli-
sions of O and D,O exhibits the same bimodal
behavior seen in the normal water homologue. The
participation of an orbiting complex in the low-en-
ergy reaction was confirmed for both water and
heavy water. Osculating complex model simulations
of product velocity distributions for collisions in the
low-energy regime indicate that the complexes giv-
ing rise to OH" and OD™ have average lifetimes
about half their rotational periods. The substantial
translational energy transfer evidenced by the model-
ing verifies that the collision complexes are suffi-
ciently long-lived for a large degree of energy redis-
tribution. However, results of phase-space theory
calculations suggest that the energy transfer is not
wholly statistical, particularly for the H,O system.

TOF measurements for OD* derived from the
high-energy channel do not rule out the predissocia-
tion of a D,0* B?B, state charge transfer interme-
diate suggested by Li et al. [9], but indicate a contri-
bution from an atom transfer mechanism which in-
volves production of OD A*3*.

To explain the larger OH* versus OD* cross
section, it is suggested that the reaction efficiency
depends strongly on the phase and/or amplitude of
the asymmetric stretch mode in the target species
during the collision event. The lighter isotope reacts
more readily by virtue of the higher zero point
vibrational frequency and turning point amplitudes.
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Abstract

H,0* A - X luminescence studies involving X* + H,0 (X = Ar, N, Kr, N,) charge-transfer systems are consolidated into an
empirical model for the charge-transfer product state distributions associated with hyperthermal collisions of ground-state
reactants. The model predicts that Franck—Condon active states are populated with a Gaussian vibrational energy distribution
that is shifted by approximately - 0.18 eV with respect to energy resonance. The model is applied to hyperthermal O*(*S) +
H,0 charge-transfer collisions for which luminescence experiments are too insensitive because weakly emitting vibrationally
excited states of the H,O* X B state are populated. Isotope effects in the 0*( 4S) + H,0/D,0 charge-transfer cross sections are
measured using guided-ion beams to test the model. The model correctly predicts the observed isotope effect within the

hyperthermal collision energy range of 2 and 8 eV.

Keywords: Luminescence studies; Hyperthermal collisions

1. Introduction

Charge-transfer reactions play a prominent
role in the environment of low-Earth orbiting
spacecraft [1-3]. Due to its high recombination
energy of 13.6 ¢V, O, the main ion at low-Earth
orbit altitudes, will efficiently undergo charge-
transfer with most molecular species released
by spacecraft. H,O is the principal constituent
of a contaminant cloud surrounding low-Earth
orbiting spacecraft, and interacts with O" at the
high orbiting relative velocity of 7.8 km s™, cor-
responding to a center-of-mass collision energy

* Corresponding author.
TNRC Postdoctoral Fellow
2 Orion International, Albuquerque, NM, USA

of 2.65 eV. At these hyperthermal collision ener-
gies, exothermic charge-transfer reactions are
predominantly governed by long-range dynamics
accompanied by little translational energy trans-
fer. The exothermicity of the reaction is thus
almost entirely channelled into internal energy
of the products. Consequently, the hyperthermal
molecular charge-transfer collisions result in
highly excited molecular species that produce
background optical emissions seen by space-
borne sensors. Because of the advent of space-
borne astronomy in the visible and infrared spec-
tral regions [4,5], it is important to identify the
source and spectral distribution of the induced
backgrounds.

A correlation between the diurnal variations of
infrared background and the O* density in the

0168-1176/96/$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved
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measurements of Spacelab 2 has been associated
with O*+H,0 charge-transfer luminescence [6].
Currently, well-characterized ion beam lumines-
cence experiments do not have adequate sensi-
tivity to resolve infrared emissions from
hyperthermal ion-molecule collisions, and H,0*
laser probing schemes have not been developed.
Therefore, in order to verify the assertion that
charge-transfer luminescence contributes to
observable infrared background of low-Earth
orbiting spacecraft, the state-to-state dynamics
of the O* + H,0 charge-transfer systems needs to
be understood to establish the spectral regions of
H,O" emissions.

We have obtained in previous work valuable
insight into the detailed dynamics of hyper-
thermal ion—H,O charge-transfer reactions from
luminescence and guided-ion beam studies of the
X* + H,0 (X = Ar, N, Kr, N,) collision systems
[7-11]. These collision systems populate vibra-
tional levels of the H,O™ A state in near-resonant
charge-transfer, producing H,O" A-X visible
emissions that are readily observed. The analysis
of the luminescence spectra in conjunction with
guided-ion beam cross section and time-of-flight
measurements, and high-level ab initio calcula-
tions of the H,0* A and X potential energy sur-
faces [12], have contributed substantially to the
understanding of the state-to-state dynamics of
near-resonant jion—polyatomic charge-transfer
systems.

In this work an attempt is made to consolidate
the ion—H,O charge-transfer studies into an
empirical model that predicts the product ion
vibrational distribution. The model is applied to
the O*(“S) + H,O charge-transfer system, which
has an exothermicity of only 1.0 eV and thus does
not produce observable visible luminescence in
near-resonant charge-transfer. New guided-ion
beam measurements of the O*(*S)+H,0/D,0
isotopic charge-transfer cross sections are pre-
sented which are used to validate the model by
comparing predicted and observed isotope
effects.

2. Experimental

The luminescence and guided-ion beam
experiments discussed in this work have been
conducted in experiments described in detail pre-
viously [7,8]. In the luminescence studies, an
intense ion beam is generated using a dc dis-
charge plasma source (Colutron). The ion beam
is mass selected using a Wien velocity filter,
following which the ions are decelerated to the
desired energy before entering a collision cell
containing water vapor at an approximate pres-
sure of 1 mTorr. The collision cell is fiber-
optically coupled to an optical multichannel
analyser consisting of a 0.18 m Czerny—Turner
spectrograph and an intensified photodiode array
or liquid nitrogen cooled CCD array detector.
After passage through the collision cell, the ion
beam is monitored with a quadrupole mass
analyzer.

In the guided-ion beam studies, an ion beam is
generated using electron impact ionization. In the
0" +H,0 studies, a beam of >98% pure ground-
state O*(*S) is produced from CO; by electron
impact at an electron energy within 2 eV of the
appearance potential (19.1 eV). Following mass
selection in a Wien velocity filter, the ion beam is
decelerated and injected into a system of two
octopoles in series. An 1f voltage applied to the
octopole generates a cylindrical ion trap. The first
octopole guides the jons through a 3.5 cm long
collision cell containing water vapor at an
approximate pressure of 0.2 mTorr. The trapping
potential ensures that all product ions are
collected irrespective of their scattering trajec-
tories. Following transmission through the longer
second octopole, primary and secondary ions are
extracted into a quadrupole mass filter for mass
analysis. Low-resolution energy partitioning and
scattering dynamics information is derived from
time-of-flight studies, in which the experiment is
operated in a pulsed mode and secondary ion
times-of-flight through the second octopole are
determined.
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Table 1
Exothermicitics, AH, of experimentally investigated X'+ H,0
charge-transfer systems.

X* +H,0/D,0 AH (V)
0*(“S)+H,0/D,0 1.01/0.98
N*CP)+H,0 1.91
Kr*(*P,»)+H,0 2.04
N3+H,0 2.96
Ar*(*P;,)+H,0 3.14

3. Results

3.1. Charge-transfer luminescence
measurements

Guided-ion beam cross section and time-of-
flight measurements of the ion—H,O collision
systems of interest in this work have shown that
charge-transfer is efficient at hyperthermal
energies and that little translational energy trans-
fer occurs, signifying a predominantly long-
range mechanism [13,8-10]. The systems thus
undergo near-resonant charge-transfer, where
the charge-transfer exothermicity is almost
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entirely partitioned into internal excitation of
the products. The exothermicities of the investi-
gated systems, given by the difference between
reactant ion and product ion recombination ener-
gies, are listed in Table 1. The 0*(*S)+H,0/D,0
systems have the lowest exothermicities resulting
in the least product internal excitation of the
investigated systems. In the other systems, the
excitation energy available in near-resonant
charge-transfer suffices to promote the product
water ions to vibrational levels of the first elec-
tronically excited A A, state that are readily
observed optically. The excitation energy of the
ground vibrational level of the A state is approxi-
mately 1.04 eV, and thus potentially accessible
by O*(“S)+H,0 reactants. As will become clearer
in the following sections of this paper, dynamical
constraints in the O*(*S)+H,O system prevent
significant population of the lowest vibrational
levels of the A state, which have weak infrared
transitions to the X state.

In first optical experiments of this laboratory,
A —X emissions were observed in the Ar* and N3
+ H,0 collision systems [7]. The resolution of the
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Fig. 1. Kr* +H,0 luminescence spectrum (bottom curve) is compared to a spectrum calculated for H,0*4 - X transitions (top curve). Various
bending vibrational transitions and respective Renner—Teller subbands are identified. In the simulation, vibrational state populations, n,(v,’, K'),
and rotational temperatures are chosen to provide a best fit with respect to the experimental observation.
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luminescence spectra was adequate to determine
nascent H,O* vibrational populations through the
spectral analysis. The sensitivity, however, was
insufficient to perform an analysis at collision
energies below 10 eV. More recently, the use
of a highly red sensitive liquid nitrogen cooled
CCD detector permitted the recording of Kr* and
N*(’P) + H,0 luminescence spectra over a large
range of collision energies [10,11]. An example
of a Kr* + H,0 luminescence spectrum is shown
in Fig. 1. The spectrum (bottom curve) has been
recorded for a collision energy of 1 eV at a
spectral resolution of 0.8 nm FWHM. The top
curve is a synthetic spectrum calculated using
the asymmetric rotor program of Birss and Ram-
say and the methodology described previously
[7,11]. The figure identifies the vibronic sub-
bands attributable to Renner—Teller K structure
of bending vibrational transitions of the H,0"
A-X system. £, II, A, ®, T', H... bands signify
emissions from K, = 0, 1, 2, 3, 4, 5... rotational
levels. As in all of-the ion—H,0O luminescence
studies, only bending vibrational transitions are
identified. The emissions in Fig. 1 stem from
H,0* A state v,’ = 8, 9 and 10 vibrational
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states. The bending vibrational quantum numbers
are those of the linear notation. Kr + H,0"
(A, v’ = 10) products are near-resonant with
Kr*(*P,,)+H,0 reactants, and the bands can
thus be identified as near resonant charge-transfer
luminescence of spin-orbit excited reactants.
Kr*(*Pyp,) ions constitute approximately 30% of
the ion beam in this particular experiment. The
sensitivity of the experiment is insufficient to
identify positively luminescence from near-
resonant charge-transfer of Kr+(2P3/2)+H20 reac-
tants. These emissions are expected above
900nm from transitions with weak transition
moments into the ground vibrational level of the
X state.

Product-state distributions are obtained from
the spectral simulations of the observed H,0"
A - X bands. Examples of product A state bend-
ing vibrational distributions determined for the
four investigated systems are shown in Fig. 2.
The product rotational excitation is generally
found not to exceed a rotational temperature of
600 K, which is consistent with the predominantly
long-range nature of the charge-transfer dynamics.
The nearest resonant state is gray-shaded for each

2
H,0"(A) Bending Vibrational Level

10

14 16 18 20

Fig. 2. H,0"A state bending vibrational populations produced in ion—H,0 charge-transfer collisions with various ions at respective hyperther-
mal center-of-mass collision energies. The populations of nearest-resonant vibrational states are shaded gray. The approximate 0*(“S)+H,0

resonance position on the bending vibrational scale is also indicated.
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system. The location of the O*(*S)+H,0 reso-
nance on the respective bending vibrational
level scale is also shown.

A preference for exothermic states is clearly
visible in Fig. 2. The reasons for this discrepancy
with respect to energy resonance criteria are
rationalized in the following section. The energy
dependence of state-to-state cross sections
observed for the N*(°P) and Kr*(*P;,,)+H,0 sys-
tems reveal two distinctly different types of beha-
vior. While the low energy state-to-state cross
sections of exothermic product states exhibit an
approximate E7%° dependence, the fluxes into
near-resonant and endothermic states increase
with collision energy [10,11], similar to observa-
tions made for singly-charged exo- or endother-
mic atomic charge-transfer systems [14,15].
Relative populations of the relevant exothermic
states are found not to vary with collision energy
within the errors of the analysis at collision ener-
gies below 15 eV [10,11].

3.2. O* + H,0/D,0 measurements

Examples of previously unpublished guided-ion
beam O*(*S)+H,0/D,0 charge-transfer cross
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Fig. 3. Center-of-mass collision energy dependence of the O*(*S)+
H,0/D,0 charge-transfer cross sections. The present measurements
are compared to state-selected ion measurements by Li et al. [22]

section measurements recorded in this laboratory
are shown in Fig. 3. The cross sections are plotted
on a logarithmic scale with respect to the center-
of-mass collision energy. The results are com-
pared to measurements of Li et al. [16], who
generated a state-selected O*(*S) beam using
photoionization techniques. Given the absolute
errors of *+30% reported for both experiments,
it can be stated that good agreement exists
between the two experiments. The present
measurements are approximately 30% higher
than previously reported measurements of this
laboratory [13]. Since then, we have improved
our octopole extraction optics.

An exponential drop in cross section with col-
lision energy is observed below 1 eV (c.m.), and
no significant difference is observed between the
isotopic charge-transfer systems. At energies
above 1 eV, the cross section is less energy
dependent and an isotope effect in favor of
H,O0 is apparent. Since the isotopic comparison
stems from measurements recorded with the
same instrument on successive days, the relative
error between the two measurements is consider-
ably smaller than the absolute error stated above.
We estimate the relative error to be smaller than
10% below 10 eV, thus establishing the existence
of an isotope effect. At energies above 10 eV,
discrimination effects associated with the large
difference between primary and secondary ion
LAB frame kinetic energies result in slightly
larger experimental uncertainties.

The large hyperthermal cross sections signify
long-range dynamics accompanied by little
energy transfer. This is confirmed by time-of-
flight measurements [13], which exhibit primarily
near-thermal velocity product ions (LAB frame).
Fast product ions are also observed that are attrib-
uted to collision complex orbiting. The features
of the O* + H,0 guided-ion beam measurements
are very similar to those observed in the N7,
Kr*, Ar*, and N3+ H,0 charge-transfer systems
[8—10]. All of the systems have large hyperther-
mal charge-transfer cross sections and similar
orbiting propensities, as identified by the
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low-energy cross sections and time-of-flight
measurements.

3.3. Empirical state-to-state model

A unified theory for molecular charge-transfer
collisions does not exist. Full quantal treatments
have only successfully reproduced experimental
data in the case of small ion—diatomic systems.
An empirical approach is thus necessary to pre-
dict the state-to-state dynamics of ion-H,O
charge-transfer systems for which experiments
have not provided product state-resolved infor-
mation. In this section, the information gained
from the laboratory ion—H,O studies is consoli-
dated into a simple model for the ion-H,O
charge-transfer product state distributions.

As discussed in semiclassical theoretical work,
the two most important criteria governing mole-
cular charge-transfer probabilities in exothermic
systems are energy resonance and Franck-
Condon overlap [17,18]. The conditions postu-
lated for large vibrational state-to-state cross
sections at hyperthermal energies are small
energy gaps, AF, between reactant and product
vibronic levels and significant overlap between
reactant and product vibrational wave functions.
The luminescence measurements discussed
above fully corroborate the importance of
Franck—Condon overlap. As seen in the photo-
electron spectrum of H,0 [19-21], only bending
vibrational levels have significant Franck-—
Condon overlap in H,0 X 'A;-H,0" A %A tran-
sitions. In agreement with Franck—Condon pre-
dictions, only bending vibrational excitation is
observed in the H,0* A 2A;—X °B, charge-
transfer luminescence studies. Interestingly, the
Franck—Condon overlap is near-zero at reso-
nance in the O*(*S)+H,O system, suggesting
inefficient charge-transfer. Contrary to energy
resonance and Franck—Condon arguments, the
0*(*S)+H,0 charge-transfer cross sections are
among the largest observed for ion—H;0 systems
[16,13]. This is a first indication that the product
state distribution of this system is also shifted in

favor of exothermic states, as observed for the
systems of our optical studies. It is shown
below that this implies that exothermic vibra-
tional levels of the X state with significant
Franck—Condon overlap are populated.

Different empirical analytical expressions for
vibrational state-to-state cross sections have been
proposed for long-range charge-transfer [22-26],
many of which take the form

Oy'—y" = GO(AE’ET) <U’|v”>2? (1)

where (v'lv")? is the Franck—Condon factor
between vibrational wave functions v’ and v"
and oy(AE,Et) is the pure electronic charge-
transfer cross section expressed as a function of
the energy gap, AE, and the translational energy,
E, at infinite intermolecular distances. The elec-
tronic charge-transfer cross section is usually
taken from atomic charge-transfer models, such
as the Rapp and Francis [27], Demkov [28], or
Rosen—Zener type [29,30] models. In most cases,
models based on expressions of the form (1) have
not provided satisfactory interpretation of
experimental observations in molecular systems
at near-thermal and hyperthermal collision
energies.

The experimentally determined product state
populations shown in Fig. 2 reflect both the
importance of energy gap and Franck—Condon
overlap in those ion—H,O charge-transfer sys-
tems that populate vibrational levels of the
H,O" A state. In order to derive a model similar
to Eq. (1) specific for the present ion—H,O sys-
tems, the normalized product populations of the
four distributions in Fig. 2 are plotted with
respect to the asymptotic energy gap, AE, in
Fig. 4. Despite the fact that the data stem from
different charge-transfer systems involving
different electronic interactions, a bell-shaped
distribution with a maximum near ~-0.2 eV is
clearly visible. The solid line is a nonlinear least-
squares fit of a shifted Gaussian distribution:

1.66(AE — 5)) 2)
Y

) - aex( - @
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where § is the energy shift with respect to reso-
nance, vy represents the half width (FWHM) of
the distribution, and A is a constant. As seen in
Fig. 4, the fit is very good except at positive
energy gaps, where endothermic state population
is evident. Endothermic level population is only
significant at collision energies above 10 eV. The
fit yields A =0.38 = 0.02,6 = - 0.18 = 0.02 eV
and y = 0.28 * 0.09 eV. It is worth noting that the
determined Kr*(*P1,) + H,0 product state distri-
butions have the smallest errors, and are, apart
from the endothermic levels, in superb agreement
with the fit.

The luminescence measurements demonstrate
that the relative populations of the relevant
exothermic levels of the investigated systems
only weakly depend on collision energy below
15 eV [7,10,11]. Given the errors in determining
the product state distributions, the present
approach involving measurements at collision
energies ranging between 4 and 12 eV is justified
for the collision energies of interest in this work.

In comparison to Eq. (1), Eq. (2) neglects a
dependence of the probabilities on the respective
Franck—Condon factors. In an effort to incor-
porate a Franck—Condon dependence, we have
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Fig. 4. Normalized H,0" charge-transfer product populations
shown in Fig. 2 are plotted on an asymptotic energy gap scale.
The solid line is a nonlinear least squares fit of Eq. (2) yielding
A=038*0026=-018*0.02¢eV,and v =028 * 0.09 eV.

also examined plots in which the experimentally
determined populations have been normalized by
the corresponding Franck—Condon factors, thus
plotting n(v,")/FC(v,"), where FC(v,') is the
respective ionization Franck—Condon factor.
The inclusion of Franck—Condon factors, how-
ever, greatly enhances the scatter of the data, thus
precluding reasonable modeling. We, therefore,
conclude that the state-to-state charge-transfer
probabilities do not depend strongly on the abso-
lute magnitude of the respective Franck—Condon
factors, but that only Franck—Condon active
states are subject to Eq. (2). Lee and DePristo
[31] have also observed poor correlations
between state-to-state cross sections and
Franck—Condon factors at low collision energies
in semiclassical energy conserving trajectory
(SCECT) calculations of isotopic variations of
the H; + H, charge-transfer system.

In the following, the dynamical origin of the
observed product state distributions is discussed
in order to justify the application of this empirical
model to an ion—-H,O system that is more
strongly coupled to the H,0* X state due to a
substantially smaller exothermicity. Charge-
transfer transitions are induced by nuclear motion
in regions of strong nonadiabatic interaction. In
cases where an energy hop occurs, the probability
for a nonadiabatic transition is high when the
energy uncertainty, #i/At, governed by the char-
acteristic interaction time, At, is similar or larger
than the energy gap. This amounts to the
frequently cited Massey adiabaticity criterion
[32]. In atomic systems, the only available
nuclear motion that can increase the uncertainty
of energy levels is translational, and one there-
fore normally observes a rapidly increasing
charge-transfer cross section from near-thermal
to hyperthermal collision energies in singly-
charged systems, both for exothermic and
endothermic transitions [15].

In molecular systems, additional nuclear
coordinates are present, most importantly vibra-
tional and angular coordinates. Since the
vibrational motion is comparable or faster than
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the translational motion at near-thermal energies,
the vibrational motion is found to be crucial in
inducing charge-transfer transitions in many
molecular systems at low collision energies
[22]. Nonadiabatic transitions induced by vibra-
tional motion are in part responsible for the fact
that exothermic molecular charge-transfer sys-
tems normally exhibit a rapidly declining cross
section with collision energy at near-thermal
energies, opposite to observations of atomic sys-
tems. This behavior has also been observed in the
present ion—H,0 systems [8-10,13,16].

For the N* and Kr'(*Py,)+H,O systems,
Dressler et al. [11] have shown that the reactant
zero-point bending vibrational motion negotiates
a potential surface crossing with the H,0*(A)
product surface, resulting in large charge-transfer
probabilities in regions of significant electronic
interaction. Due to the strong ion—dipole inter-
action, the reactant interaction potential is sub-
stantially more attractive at long range than the
product potential, which is primarily an ion-
induced dipole interaction. The energy gap, AE,
is thus not independent of the interfragment coor-
dinate, as assumed in most energy resonance
models. The stronger entrance channel inter-
action causes the reactant energy levels to
decrease with respect to the product levels as
the projectiles approach, creating resonances
with exothermic product states. The exothermic
states can then be efficiently accessed via a
curve-crossing mechanism through the bending
vibrational motion. The low populations of near-
est-resonant states seen in Fig. 2 can be attributed
to the fact that resonances with these states occur
at very large interfragment distances, where the
exchange energy is still very weak.

The observed shift, 8, of the product state dis-
tribution with respect to resonance can thus be
explained by the strong long-range interaction of
the entrance channel in those regions where the
nonadiabatic transition probabilities are high.
The fact that the optically investigated ion—
H,0 systems exhibit similar product state distri-
butions with respect to energy resonance is

consistent with the above interpretation, because
the average long-range interaction of the
entrance channel is the same for all of these
systems. It is thus likely that all of the optically
investigated systems are primarily vibrationally
coupled at low energies.

Endothermic and quasi-resonant states are not
interpreted to be populated through such a
mechanism. The energy dependence of endo-
thermic state-to-state cross sections resembles
those observed in atomic systems. We thus con-
clude that these product states are primarily
accessed through a translationally induced
mechanism, such as that described by Demkov
[28]. At collision energies above 100 ¢V, a trans-
lationally coupled mechanism becomes dominant
for all product states, and the product state dis-
tributions become substantially broader. As the
collision energy is further raised, the energy
uncertainty associated with the characteristic
interaction time becomes comparable to the
width of the Franck—Condon envelope, and a
Franck—Condon product distribution is then
expected [17]. H,O" A Franck—Condon distribu-
tions have been observed in the N3 and Ar'
systems at near keV energies [7]. The transition
probabilities associated with translational energy
induced charge-transfer thus depend on the abso-
lute magnitude of the respective Franck—Condon
factor at high energies, unlike the vibrationally
coupled transitions of the presently investigated
charge-transfer systems.

Translationally coupled charge-transfer prob-
abilities are not significant at the low collision
energies of interest in this work, as evidenced
by the weak near-resonant and endothermic pro-
duct state populations. It is therefore safe to state
that the present empirical product state distribu-
tion primarily applies to vibrationally coupled
product states at energies where collision energy’
induced broadening is negligible.

The guided-ion beam measurements of the five
ion—-H,0 systems in Table 1 have similar energy
dependences of the integral charge-transfer cross
section and almost identical orbiting propensities




R.A. Dressler et al./International Journal of Mass Spectrometry and Ion Processes 159 (1996) 245-256 253

[8-10,13]. The latter is determined from the
center-of-mass forward scattered signal observed
in time-of-flight measurements. The resemblance
indicates that the long-range interactions pro-
moting charge-transfer in the O*(*S)+H,0/D,0
systems are comparable to those of the optically
investigated ion—H,0 systems and that predomi-
nantly vibrationally coupled transitions occur at
low energies. This is a reasonable assessment
when considering that the formation of both
H,0" X and A states involves the ejection of an
electron from a H,0 lone-pair orbital, thus
implying a strong exchange interaction in an
attractive ion—dipole orientation.

Unlike the other ion—H,0O systems, the bend-
ing vibrational motion may be assumed inactive
in the O*(*S)+ H,0/D,0 systems. This is seen in
the photoelectron spectrum of H,O [19-21],
where the states observed closest to a resonance
shift of 6 = —0.18 eV are symmetric stretch and
symmetric stretch—bend combination bands of
the ground X 2B state. It may thus be assumed
that the nuclear motion with respect to the sym-
metric stretch coordinate induces charge-transfer.
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The importance of the symmetric stretch coor-
dinate is verified in Fig. 5, where the asymptotic
H,0/H,0" symmetric stretch and bending poten-
tials are shown for infinitely separated reagents
on the absolute energy scales of the O*(*S)+H,0
charge-transfer system. The bending curves are
calculated for the equilibrium OH bond length of
1.84 a.u. and the symmetric stretch curves are
determined for the H,O equilibrium angle of
105°. The H,0 bending potential is obtained
from Bunker and Landsberg [33], while the
symmetric stretch curve is from ab initio calcu-
lations of Theodorakopoulos et al. [34]. The
Renner—Teller H,O" potentials are those of
high-level ab initio calculations of Brommer et
al. [12]. Pure bending and symmetric stretch
vibrational levels of H,O are indicated for the
bending and stretch potentials, respectively.
The stretch potentials also include symmetric
stretch levels of D,0, indicated with broken
lines. It is readily seen that A state products are
not accessible to this system along either coordi-
nate, and that the strongest interaction is in the
region where the reactant and product X state
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Fig. 5. Asymptotic Born—Oppenheimer potential curves of the O*(*S)+ H,O charge-transfer system along the bending and symmetric stretch
vibrational coordinates. The potentials are taken from ab initio calculations of Brommer et al. [12], Bunker and Landsberg [33], and
Theodorakopolous et al. [34]. The solid and dashed horizontal lines indicate vibrational levels of H,O/H,0" and D,0/D,0", respectively.
The shaded area points out the region of significant charge-transfer interaction.
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curves approach to within 0.2 a.u. in the repulsive
part of the symmetric stretch potential (cross-
hatched area in Fig. 5). In contrast to the curve-
crossing situation documented in those ion—H,0
systems that are governed by the bending vibra-
tional motion, this system must undergo a non-
adiabatic transition to a classically forbidden
region through uncertainty in position, Ar, or
momentum, Ap. That such transitions have sig-
nificant probabilities is indicated by the substan-
tial Franck—Condon factors in this energy
regime. We therefore conclude that a vibration-
ally coupled mechanism is also plausible for the
0*(*S)+H,0 charge-transfer system and that it is
reasonable to apply the same shifted Gaussian to
the Franck—Condon active states of this system.
This hypothesis is further tested with respect to
the O* + H,0/D,0 isotopic differences in the
following section.

3.4. Nascent O*(*S) + H,0/D,0 charge-transfer
product distributions

The Gaussian distribution derived in the pre-
vious section is applied to the O*(*S) + H,0/D,0
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Fig. 6. 0*(*S) +H,0/D,0 vibrational energy levels are plotted with
respect to the asymptotic energy gap scale. The height of the bars
indicates the respective Franck—Condon overlap. States with the
observable photoelectron intensity are plotted. The Franck—Condon
active states are compared to the Gaussian distribution of Fig. 4.

systems in Fig. 6. The various H,O" and D,0*X
state vibrational levels observed either in photo-
electron spectroscopic work [21] or in emission
studies [35,36] are shown on an asymptotic
energy gap scale. The height of the vibrational
state bars represent the respective ionization
Franck—Condon factors. Energy gaps, Franck—
Condon factors and the respective predicted rela-
tive nascent H,O" vibrational populations given
by the Gaussian distribution are listed in Table 2
for the relevant levels. The table also lists the
unnormalized total probabilities obtained from
the sum of all probabilities for the two isotopic
charge-transfer systems. Comparison of the
unnormalized total probabilities yields a pre-
dicted H,0/D,0 charge-transfer cross section
ratio of 1.14.

The model predictions are in reasonable agree-
ment with the observed isotope effect (Fig. 3)
between 2 and 8 eV. The isotope effect at
these hyperthermal energies is thus consistent
with the present model. The lack of an isotope
effect at collision energies below 1 eV, where

Table 2

H,0%/D,0" charge-transfer product vibrational state probabilities,
P, given by the Gaussian distribution shown in Figs. 4 and 6. Unnor-
malized total probabilities obtained from the sum of all probabilities
for the two isotopic charge-transfer systems are also shown.

Vivols AE (eV)* Ilb-‘c 14
H,0 030 -0.510 0.36 0.007
110 ~0.440 2.57 0.031
120 -0.277 0.29 0.262
200 -0.225 3.39 0.346
130 -0.110 0.43 0.320
210 ~-0.064 0.64 0.237
300 0.153 0.89 0.007
Total: 1.209
D,0 110 -0.564 2.5 0.002
120 -0.435 0.61 0.034
200 -0.407 4.1 0.055
210 -0.278 0.6 0.260
220 -0.150 0.3 0.366
300 -0.131 04 0.348
Total: 1.065

* Energy gap.
b Franck—Condon intensities taken from photoelectron spectra

[19-21].
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longer-lived intermediates are important, may be
attributed to the long interaction times associated
with orbiting collisions. Several passages
through the strong interaction region along the
stretch coordinate are then possible during a col-
lision, allowing for multiple nonadiabatic transi-
tions. Charge-transfer probabilities from excited
vibrational levels of the reactants as well as
vibrational-to-rotational energy transfer then
play an important role, and substantial averaging
of the predicted differences in state-to-state tran-
sitions can thus be expected.

As the collision energy is increased, the iso-
tope effect becomes more pronounced. This may
be attributed to an increasing importance of
translationally coupled transitions into near-
resonant states with substantial Franck—Condon
factors in the O*(*S)+H,0 system, such as the
H,0" X (200) product level. As can be seen in
Fig. 6, D,O" levels with large Franck—Condon
factors have considerably higher energy gaps and
are distant from the maximum of the model dis-
tribution. Indeed, if the total probabilities based
on the Gaussian distribution are determined with
the inclusion of Franck—Condon factors, as
would be prescribed by models based on Eq.
(1), a substantially higher H,O/D,0 ratio of 2.5
would be predicted.

The total probabilities have also been deter-
mined for the case where all vibrational levels,
as calculated by Weis et al. [37], are subject to
the determined Gaussian probability distribution
of Fig. 4. As a result of the higher density of
states in the D,O system, a H,O/D,0 ratio of
approximately 0.6 would be expected at hyper-
thermal collision energies, in stark contrast to the
experimental observations.

4, Conclusions

The product vibrational state distributions
determined for four hyperthermal ion-H,0
charge-transfer systems that produce H,0* A
state products can be described by a Gaussian

energy distribution of Franck—Condon active
states that is shifted with respect to the ground
rovibrational level of the reactants. The distribu-
tion has a maximum of —0.18 = 0.02 eV and a
width (FWHM) of 0.28 = 0.09 ¢V, signifying a
preference of exothermic states. The similarity of
all of the distributions with respect to energy
resonance is attributed to the long-range
dynamics that is primarily governed by the strong
long-range interaction of the entrance channel,
which is essentially the same for all of the sys-
tems. It is concluded that the observed distribu-
tion can be applied to primarily vibrationally
coupled product states of ion—H,O systems that
charge-transfer efficiently at long range and
exhibit large enhancements due to orbiting.

The model distribution is applied to Franck—
Condon active vibrational levels of the O*(*S)+
H,0/D,0 systems, where population of vibra-
tionally excited levels of the H,0* X state is
predicted. The model correctly predicts the mea-
sured charge-transfer cross section isotope effect
in the hyperthermal collision energy range of 2
and 8 eV. This is the energy range of importance
in the environment of low-Earth orbiting space-
craft. The determined O*(*S)+ H,O product state
distributions can thus be used to calculate infra-
red luminescence spectra that contribute to
spacecraft backgrounds. Examples of such
spectra have recently been reported [38].
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A high-temperature octopole ion guide for measuring absolute cross

sections of ion—metal atom reactions
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We describe in detail a high-temperature octopole/collision cell apparatus for studying
ion-molecule reactions involving nonvolatile target species, including metals. The system can be
operated at temperatures up to ~1200 K and features coaxially heated octopole rods and a heated
collision cell in which the vapor of a nonvolatile target material is generated by evaporation from
a bulk sample contained therein. The poles are heated independently of the cell and are maintained
at a higher temperature to prevent condensation of the sample on the poles. This ensures a well
characterized operating temperature that is necessary for absolute cross-section measurements. The
apparatus design permits two independent methods for the determination of the target vapor density.
The absolute Na+Nj charge transfer cross section has been measured for collision energies in the
range 0.1-2.25 eV. These results represent the first guided-ion beam measurement of an absolute
ion—-metal atom reaction cross section, and are compared to earlier studies conducted with other
methods. © 1997 American Institute of Physics. [S0034-6748(97)02701-9]

I. INTRODUCTION

The importance of gas phase ion-metal atom reactions
in accounting for the transport of metal species in the atmo-
sphere and ionosphere has been recognized for many years.'
The lack of accurate absolute cross sections for such reac-
tions at thermal and hyperthermal collision energies has lim-
ited the utility of the models needed for a thorough under-
standing of these multicomponent environments. Typically,
thermal ion—metal atom rate constants are either estimated,
extrapolated from higher energy data, or excluded
altogether.2->

The difficulty in obtaining absolute ion-metal atom
cross sections is evidenced by the few studies to date. Flow-
ing afterglow experiments® and metal atom beam—ion trap
experiments’ have provided rate constants at single values of
collision energy. Crossed beam studies have yielded the
translational energy dependence of charge transfer reactions
with Mg and Na.®*® These experiments, however, have inher-
ent difficulties in product ion colléction and in neutral beam
density determination that are critical for obtaining absolute
cross sections. Moreover, for the test system discussed be-
low, extrapolation of the crossed beam data to lower energy
resulted in a much larger thermal rate constant than provided
by the flowing afterglow work. This lack of agreement indi-
cates that the models for describing charge transfer at colli-
sion energies from thermal to a few eV are not satisfactory
and points to the need for better measurements in this region.

We describe here a new! high-temperature octopole ion
guide—collision cell assembly that enables the measurement
of absolute integral cross sections for ion—metal atom reac-
tions. The guided-ion beam technique generally has been ac-
cepted as the method of choice for obtaining absolute ion—
molecule/atom reaction cross sections at hyperthermal

“Also at Orion International Technologies, Inc., Albuquerque, NM 87110;
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energies. In a guided-ion beam experiment, first imple-
mented by Teloy and Gerlich,'' ion—neutral collisions occur
within the confining fields of a radiofrequency (rf) multipole,
typically an octopole consisting of eight parallel rods in a
circular array on which opposite phases of a rf voltage are
applied to adjacent poles. Ions are collected irrespective of
scattering angle, thus overcoming the collection efficiency
problems of the crossed beam and ion beam-—cell
experiments.'>! This technique has proven to yield accurate
cross sections from near-thermal collision energies to hyper-
thermal energies exceeding 20 eV.

The guided-ion beam technique relies on introducing the
vapor of a target material into a collision cell through which
the multipole guides the ions. The currents due to product
ions I;,q and transmitted reactant ions /,,. are monitored
and used to derive the reaction cross section via Beer’s Law,
assuming single collision conditions,

I
prod ( 1 )

O= 7.
(Iprod+ Ireac)nl

The target vapor density n and effective interaction length /
must be measured in order to determine absolute reaction
cross sections. For volatile samples, the target gas density is
typically measured using a capacitance manometer. Most ex-
periments to date have, therefore, involved target materials
with sufficient vapor pressures at room temperature. Ander-
son and co-workers'* have constructed a guided-ion beam
experiment in which a nonvolatile sample is heated in an
oven collision cell. Absolute cross sections, however, were
not obtained since the temperature of the octopole rods was
not measured and was lower than that of the cell, thus, pre-
cluding the exact determination of the target density from the
collision cell temperature. Since a capacitance manometer
cannot be used, an absolute measurement relies on deducing
the target density from an accurate measurement of the cold-
est temperature to which the target vapor is exposed in the
cell. This requires knowledge of the temperature dependence

© 1997 American Institute of Physics




5 cm

FIG. 1. Scaled diagram of the high-temperature octopole and collision cell
assembly. The numbered objects are described in the text.

of the target species vapor pressure. Alternatively, as de-
scribed below, the vapor density may be measured directly
using optical methods.

Sunderlin and Armentrout'® have developed a system in
which both collision cell and rod supports are either heated
or cooled with a circulated fluid. That experiment, which
relies on temperature equilibrium of the collision cell, rod
supports, and poles, was designed primarily to obtain abso-
lute integral cross sections at temperatures below 300 K. Due
to the lack of high-temperature, nonconducting fluids, the
experiment was limited in the high-temperature range. No
measurements have been reported in which nonvolatile
samples were investigated.

The device described here represents a novel approach to
measuring ion—molecule/atom reaction cross sections at high
temperatures in which the nominal temperature of the experi-
ment is well characterized. The design addresses the diffi-
culty in handling metal vapors, per se, and deals particularly
with the issue of accurate vapor density measurement. The
apparatus also permits the investigation of nonvolatile non-
metallic targets. The following sections include the descrip-
tion of the new high-temperature octopole ion guide/collision
cell apparatus, an account of the operation and characteriza-
tion of the device, and the discussion of the first ion—metal
reaction cross section obtained.

il. DESCRIPTION OF THE HIGH-TEMPERATURE
OCTOPOLE/COLLISION CELL APPARATUS

The high-temperature guided-ion beam assembly has
been incorporated into an existing tandem mass spectrom-
eter, which is described elsewhere. ¢! Briefly, an ion beam
is generated by electron impact on a precursor gas emanating
from either a continuous effusive source or a pulsed super-
sonic jet. After passing into a second differentially pumped
chamber via a skimmer/lens assembly, the ion beam is
turned 90° using a dc quadrupole bender. The beam is accel-
erated into a Wien velocity filter (Colutron Research Corp.),
and the mass-selected ions are then decelerated to the desired
energy and injected into the 22.8 cm long high-temperature
octopole assembly. While within the ion guide, the ions pass
through the target vapor in the heated, 5.4 cm long, tantalum
oven collision cell, and the resulting secondary ions as well
as the transmitted primary ions are passed into a quadrupole
mass filter by an extraction lens assembly. Ions are detected
with an off-axis twin-microchannel plate detector (Galileo
Electro-optics).

Figure 1 shows a scaled drawing of the high-temperature
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FIG. 2. Scaled diagram of the pole holder assembly. The numbered objects
are described in the text. The cut away at the left corresponds to the A—A’
line at right.

octopole assembly. The octopole/cell arrangement is de-
signed to allow easy installation and removal from the
vacuum chamber and is supported by a stainless steel (SS)
injector and a SS and ceramic shield for the extraction lens
assembly. The ease of removal and insertion is an important
feature for facilitating the replenishment of target material in
the oven-cell cavity. Each of the eight poles (1) consists of a
2.4 mm (3/32 in.) diam ‘‘biax’’ heater (ARi Industries, Aer-
orod BXX Heater), and is arranged in a circular array on a
7.1 mm (0.279 in.) diam included circle. This configuration
satisfies the criterion'? that the optimal confinement field for
a circular rod multipole ion guide is obtained when the ra-
dius of the circle included by the poles, ry, and the pole
radius, r,, are related by

ro=(n—1)r,, 2

where n is the number of pairs of poles. Further, the overall
dimensions of the circular pole array must be kept as small
as possible to minimize target vapor leakage from the oven
cell. The ‘‘biax’’ heater design features a pair of nickel-
chrome—iron heater wires packed in MgO and encased in an
Inconel 600 sheath from which the heater wire is electrically
isolated. The twin conductors minimize the magnetic field
generated by the heater current, while the heater wire—sheath
isolation allows rf voltage to be applied to the heater sheath
without interference from the power applied to the heater
wires.

Structural support for the tantalum collision cell (2) and
for the pole holders (3) is provided by four tantalum support
rods (4) attached to either cell end plate (5) and to the injec-
tor (6) and extractor (7) end elements. The SS octopole ex-
traction end element, which inserts into the existing extrac-
tion lens shield assembly, is cooled with chilled kerosene to
avoid exposing the extraction lens to excessive heat. The
pole heaters have diameter tolerances of +0.13 mm (+0.005
in.) and comparable tolerances for straightness, however, this
should not affect ion confinement significantly.'

Figure 2 is a drawing of the pole holder assembly, three
of which were included in the design to minimize sagging of
the poles at very high temperatures. The heaters are also
supported by a MACOR clamp, which holds the heaters
against the MACOR injection end element (see Fig. 1). Each
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FIG. 3. Scaled diagram of the collision cell assembly. The numbered objects
are described in the text. The cut away at left corresponds to the A—A' line
at right. The inset shows the cell configured with the gas inlet tubes used for
the calibration experiment and with the ‘‘biax’’ cell heater in place.

holder assembly features a pair of identical SS plates (1)
arranged so that either plate is in contact with the four poles
to which one phase of the rf voltage is applied. The plates are
insulated from each other (2) and the support structure (3)
with alumina spacers. The alumina spacers serve primarily as
electrical insulation, however, the good thermal insulating
properties of alumina allow the use of SS plates, as opposed
to tantalum ones, since the holder assembly is not directly
heated. The holder assemblies can slide freely along the sup-
port rods (4), which allows the poles to expand when heated
without distorting the octopole. The rf potential is applied to
the poles by leads (5) attached to one holder assembly. To
avoid affecting the 1f potential on the inside of the octopole,
the poles are seated on narrow supports (6). The poles are
held in place with small 1 mm diam SS hangers (7), which
are spot welded to the poles and which penetrate an aperture
(8) in each holder. The poles/heaters have two 90° bends at
the injection end so that heater leads can be connected. The
injector lens extends past the bends in the poles to minimize
the effects of fringe fields near the bends.

Figure 3 shows details of the oven cell assembly. The
oven cell main body (1), end plates (2) and heat shield (not
shown) are made of tantalum, chosen for strength at high
temperature, chemical inertness, and ease of machining. The
main oven body has two 1/4-20 tapped inlets (3), which are
ordinarily plugged by the threaded sample crucibles. As
shown in the inset, the cell is wrapped with 2.4 mm *‘biax”
heaters (ARi Industries, Aerobiax Cable). The inset also
shows the cell configured with 6.4 mm (1/4 in.) SS tubes
threaded into the inlets for cell-length calibration using a
volatile sample. One tube serves as a sample inlet and the
other leads to a capacitance manometer for pressure determi-
nation. Tantalum, molybdenum, or tungsten sample crucibles
may be used depending on the thermochemical compatibility
of the investigated target material. A sample is introduced by
placing it in the crucible and screwing the plug into the oven-
cell body. The heat shield has a sliding shutter that allows
sample introduction without removal of the shield.

Thermocouples for temperature measurement are at-
tached to one cell end plate and to the cell body at a point
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FIG. 4. Schematic of the octopole radiofrequency and heater circuitry. The
heaters are connected as two parallel bands of four heaters in series.

near the plug/sample crucible. The main body also has a
small blackbody hole (4) for pyrometric temperature deter-
mination. The region of the smaller cell bore about the
middle of the cell provides the depth required for the sample
plug thread and for the blackbody hole.

Standard radioelectronic transmission circuitry is used to
generate a 1f potential on the poles, a schematic of which is
shown in Fig. 4. A function generator (Stanford Research
Systems DS345) is used as the rf source. A linear power
amplifier (ENI A150) drives a loading coil (in-house design)
via an impedance matching network (MFJ Versa Tuner V
MFJ-989C). The inductance of the main coil of the antireso-
nant tank circuit in the test experiments is approximately 0.4
pH, yielding a resonant frequency of 6.4 MHz. A variable
capacitor C1 is used to balance the amplitudes of the rf
phases. The octopole bias potential is applied to the center of
the main coil. The difference between this bias potential and
the potential of the ionization region of the ion source deter-
mines the ion energy within the ion guide.

The oven-cell heater and poles are heated with two 2500
W power supplies (Electronic Measurements, Inc.,
EMS300-8 and EMS150-16). Capacitors to ground (C2, C3)
protect the pole heater power supply from capacitively
coupled rf power, as indicated in Fig. 4. All other potentials
are generated with standard dc power supplies and applied to
the electrodes via tech-alloy wires insulated with ceramic
tubes.

lil. HIGH-TEMPERATURE OCTOPOLE OPERATION
AND CHARACTERIZATION

The operating characteristics of the high-temperature ion
guide have been verified at thermal and elevated tempera-
tures. Proper operating conditions at near-thermal ion ener-
gies, as well as the ion beam energy resolution, can be ex-
amined by conducting octopole dc potential retardation
scans. Figure 5 shows an example of transmitted Ar* ion
current as a function of octopole dc potential. The collision
cell temperature was 619 K and the poles were hotter. A
sharp cutoff is observed in the retardation scan at 87.075 V,
corresponding to the ion formation potential. At this poten-
tial, ions in the octopole have near-zero kinetic energy. The
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FIG. 5. Primary Ar* ion beam current as a function of octopole dc bias
potential. The middle of the sharp cutoff corresponds to zero ion kinetic
energy, and the steepness, as defined by the 0.0393 V step size, indicates the
ion beam energy resolution. The sharp cutoff, and zero current at higher bias
voltages indicates that the jons are not being heated by the rf trapping
potential.

steepness of the sharp fall-off region represents the energy
resolution, which in this case is approximately 120 meV, full
width at half-maximum. The good resolution is an indication
that the rf potential is not affecting the translational energy
distribution of the ions, and that an appropriate trapping fre-
quency for this particular mass has been chosen. To ensure
proper operation at hyperthermal energies, the ion beam en-
ergy and energy distribution are also determined using time-
of-flight (TOF) measurements. TOF measurements are useful
for detecting potential barriers in the octopole that cause the
cut-off potential in the retardation scan to shift to lower volt-
ages, resulting in an error in the ion beam energy calibration.
The barriers are caused by the accumulation of charge on
nonconducting material that may derive from reactions with
sodium deposits.

The f frequency must be selected to ensure ion guide
operation in the adiabatic regime, in which rf coupling to the
oscillatory motions of the ions is minimal. A suitable rf fre-
quency, (), is confirmed by considering the adiabaticity
parameter'?

n"']. qu An—2
77—( " ) PR (3)
where
mQ?rd
€= .2n2 N (4)

q is the ion charge, V is the rf voltage amplitude, 7 is the
ratio of the radial position r to ry, and m is the ion mass.
Figure 6 shows that with the current design operating at 6.4
MHz, and V,=60 V, Ar" ions (m/q=40) satisfy the empiri-
cal condition %<0.3 typically required for stable behavior.'2

The effective path length of the high-temperature octo-
pole collision cell is calibrated by measuring the product ion
yields from the well-known ion—molecule reaction,’
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FIG. 6. Plot of the adiabaticity parameter vs position relative to the axis of
the octopole operating with 60 V at 6.4 MHz. The extremes in position
represent the circle inscribed by the poles, and 7<0.3 corresponds to stable
behavior. The curves are shown for Ar* (40 amu), NJ (28 amu), and Na*
(23 amu).

Art+D,—ArD* +D, (5)

for which the cross section as a function of collision energy
has been reported by Ervin and Armentrout.'® In reaction (5),
primary and secondary ions have very -similar velocities,
making accurate integral cross-section measurements pos-
sible with numerous methods. A cross-section measurement
using the present instrument at thermal temperatures, with
the cell configured for volatile target species, is shown in
Fig. 7. The scaled data are compared with the measurements
of Ervin and Armentrout (solid line).'® The scaling proce-
dure yielded the best agreement between the two room tem-

Ar"+D, - AtD* +D

Cross Section [A?]

10 1 e n I L F Y —
0.1 1

Collision Energy [eV]

FIG. 7. Collision energy dependence of the Ar*+D,—~ArD* +D cross sec-
tion. The filled circles are the room temperature results in the present instru-
ment, and were used to calibrate the cell by comparison to the results by
Erwin and Armentrout (Ref. 18), given by the solid line. The open circles
comprise the cross section measured in this work with the system operating
at 619 K, after correction for thermal transpiration.
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perature data sets when an effective collision cell length of
2.66 cm was used. This corresponds to 50% of the actual
collision cell length.

Figure 7 also includes the cross section for reaction (5)
measured at 619 K. This cross section confirms both the
proper octopole operation at high temperature, and the cell
temperature measurement. This conclusion follows from the
fact that the density used in calculating the cross section at
619 K must be corrected for the effects of thermal transpira-
tion that arise from the temperature difference between the
cell and manometer.'*? For collision cell pressures below 1
mTorr the difference in temperature at the cell and manom-
eter, which are connected by a long tube, results in a pressure
gradient. The measured pressure or density must, therefore,
be corrected by

T,
m=m\z, (6)

where n, is the density derived from the manometer pressure
reading, n, is the actual density in the collision cell, and T,
and T, are the temperatures of the cell during calibration and
during the given experiment, respectively. This assumes that
any difference in manometer and cell temperature during
calibration is accounted for in the calibration procedure.
With this correction the cross sections measured at low and
high temperature are in excellent agreement.

High-temperature measurements of nonvolatile samples
are conducted with the sample plugs in place. Product ion
formation is monitored while the oven cell and poles are
heated. Since the pole temperature cannot be measured while
the rf voltage is applied, the temperature versus power de-
pendence of the poles was determined separately using ther-
mocouples spot welded temporarily onto the pole surfaces.
The octopole rods are always heated to a temperature that is
slightly higher than that of the oven to limit condensation of
the sample onto the poles. The cell operating temperature for
the target of interest is chosen so that the vapor pressure falls
within the range 0.020-0.200 mTorr to limit the beam—
target interaction to single-collision conditions while allow-
ing a viable signal level. The materials used in the heater
construction limit the operating temperature of the system to
~1200 K.

The current instrument permits at least two independent
cell vapor density measurements. The cell temperature, as
measured by thermocouple or pyrometer (not presently
used), may be related to the known target vapor pressure
curve to derive the density. Alternately, the 90° beam bender
and off-axis detector provide a line of sight through the col-
lision cell along the ion beam that permits the use of atomic
absorption spectrometry to measure the cell vapor density
directly. The instrument has been equipped with a tungsten—
halogen continuum light source (Ealing Electro-optics), and
a 0.18 m spectrograph (Thermo Jarrell Ash) with a liquid
nitrogen cooled CCD detector (Princeton Instruments). The
vapor density or pressure is recovered from the curve of
growth for the transition of interest, which is obtained
through integration of the Voigt absorption profile.
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FIG. 8. Cross section for the N5 +Na—Na*+N, charge transfer reaction.
The open circles are the present work. The other points indicate the results
of other experiments, open diamond: ion trap—metal atom beam (Ref. 7);
open triangle: flowing afterglow (Ref. 6); open square: crossed beam (Ref.
9). The filied square represents the extrapolation to thermal collision energy
in the crossed beam work.

IV. ION-METAL ATOM EXPERIMENTS:
Nz +Na—N,+Na*

Figure 8 is the absolute cross section for the charge—
transfer reaction

N; +Na—N,+Na*, AH=-1044 eV, M

at collision energies of 0.1-2.25 eV. The present results
were averaged from measurements at several temperatures in
the range 445-462 K. The N; ions were produced in the ion
source operating with an electron energy <21 eV to avoid
generating metastable states. The cross section has been cor-
rected for a large Na™ background, usually 25%—50% of the
total Na* current. The background is observed when no ion
beam is present, and can be attributed to thermionic emission
of trace sodium in the pole material or of sodium deposited
onto the pole surfaces during the course of the experiments.
The target density used to derive the cross section was ob-
tained from the vapor pressure curve of sodium.?! The mea-
surements were recorded at pressures between 0.031 and
0.085 mTorr (0.66—1.78X10'2 cm™3) for the temperatures
used. Error limits on the absolute cross section are estimated
to be =40%, however, the data averaged to give the result in
Fig. 8 fell within =10% despite being obtained at different
temperatures and, thus, at different densities.

The density was also determined from the sodium D line
absorption measurements, an example of which is shown in
Fig. 9. The curve of growth calculated for this transition is
shown in Fig. 10 and indicates that the densities of interest in
this work occur in a region of weak absorption growth with
density. Although the absorption measurements yielded den-
sities similar to those derived from the thermocouple/vapor
pressure method, the latter results gave more reproducible
cross sections for sodium. It is nevertheless conceivable that
absorption measurements may prove more accurate than
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FIG. 9. Absorption spectrum of sodium in the collision cell while the ther-
mocouple reads 462 K. The upper curve (solid line) is the sodium D line
absorption spectrum with background subtracted. The lower curve (line with
dots) represents the same data subtracted from the lamp intensity. The dots
correspond to the CCD pixels; the light was dispersed with a 2400
groove/mm grating. When the density determined by a series of such mea-
surements is compared to the sodium vapor pressure data, a vapor tempera-
ture of 454+2.4 K is derived.

the thermocouple/vapor pressure technique for other metal
targets, especially when good vapor pressure data are un-
available.

Figure 8 also depicts results of experiments from other
laboratories. The best agreement with the current results was
obtained in the ion trap—metal atom beam experiment,7 how-
ever, that technique provides no energy dependence. Agree-
ment with the crossed beam result, shown for 1 eV but which
included collision energies from ~0.7 to 225 eV, is less
satisfactory, however, there is a qualitative similarity in en-
ergy dependence.’ While the present results do not extend to
thermal collision energies, the high-temperature guided-ion
beam experiment improves the information in the gap be-
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= 0.012
=1
B i
5
= Na D line absorption
S o010} P
3
52
m
0.008 e e e
0 1 2 3 4 5

Density [1012 em” 1

FIG. 10. Curve of growth for the sodium D absorption for range of vapor
density needed in this work. The equivalent width is the width of a rectan-
gular absorption line corresponding to complete absorption and having the
same area as that of the line profile.
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tween thermal and ion beam experiments, as is evident in the
comparison of this work with the results of the flowing af-
terglow study® and of the extrapolation of the crossed beam
work.” A more detailed study of the Na+Nj system is in
progress and will be presented later.

V. DISCUSSION

We have developed a high-temperature octopole/
collision cell apparatus for studying ion—molecule reactions
involving nonvolatile target species. The design features a
heated collision cell and heated octopole rods, which allows
for a well-characterized operating temperature necessary for
absolute cross-section measurements. The system has been
operated at temperatures up to ~620 K but is capable of
operation at temperatures as high as ~1200 K, the limit of
the heating elements used in the design. The absolute
Na+Nj charge transfer cross section has been measured for
collision energies in the range 0.1-2.55 eV. This represents
the first guided-ion beam measurement of an absolute ion—
metal atom reaction cross section.
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Low energy collision-induced dissociation and photodissociation studies
of the (N,O,H,0)" cluster ion
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Low energy collision-induced dissociation (CID) and photodissociation measurements of
monohydrated nitrous oxide cluster ions are presented. The CID measurements have been conducted
with ions produced in both thermal and supersonic jet sources, and with both Ne and Ar as collision
gases. In all experiments, H,0*, N,O", and N,OH" fragments are observed, for which CID
thresholds (0 K) of 1.04+0.06, 1.43%0.12 and 1.32+0.10 eV are determined, respectively. The
thermal source experimental thresholds are consistent with all fragment ions originating from a
single isomeric precursor ion, [N,O-H,0}". Whereas both N,O" and N,OH" CID curves are
comparable in the thermal source and supersonic jet source experiments, considerable differences
are observed in the H,0" CID measurements. The differences are attributed to loosely bound
cluster-ion isomeric forms produced in the jet source experiment. In the photodissociation
experiments, branching ratios measured with the present jet source are very similar to those
observed in previously reported thermal experiments [S. T. Graul, H-S. Kim, and M. T. Bowers, Int.
J. Mass Spectrom. Ton Proc. 117, 507 (1992)]. All of the fragment ions can be accounted for by
invoking an optical transition from ground state [N,0-H,0]" to an excited state associated with the
N,O+H,0" (A) dissociation limit. The H,0" and N,O™ branching ratios are primarily governed
by predissociation of the upper state followed by charge-transfer dynamics along a repulsive
dissociation coordinate. Formation of N;OH™" is postulated to be controlled by a competing internal
conversion process that leads to a longer-lived complex that decays to proton transfer products.

© 1997 American Institute of Physics. [S0021-9606(97)00723-X]

I. INTRODUCTION

Neutral clusters possess binding energies that are typi-
cally subthermal and therefore must be investigated in cold
environments such as supersonic jet expansions. Ionic clus-
ters, however, are readily observed in thermal environments
owing to the inherently attractive jon-neutral intermolecular
forces. The study of cluster ions offers the possibility to
compare directly the isomeric cluster structures favored in
equilibrated thermal environments versus the nonequilibrium
conditions of supersonic jet expansions. Such comparisons
are of interest for models of nonequilibrium media such as
spacecraft thruster exhaust gases and associated plasmas. In
these environments, it is suspected that metastable poly-
atomic molecules or clusters are abundant and react more
readily with other constituents, thereby releasing large
amounts of energy.

Graul, Kim and Bowers' recently suggested that two
stable isomeric forms of monohydrated nitrous oxide cluster
ion, (NZO,HQO)J“,2 are present at thermal equilibrium condi-
tions. In photodissociation experiments coupled with ab ini-
tio calculations, N,O" and H,O™ photodissociation products
were attributed to the simple generic association complex

“Current address: 128 North Street Apt. #6, Newtonville, Massachusetts
02160.
YORION International Technologies, Inc., Albuquerque, New Mexico
87110.
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[N,O-H,0]*. The observed N;OH* photofragments were
assigned to a proton transfer complex, N,OH*-OH. A phase
space theory>* based analysis of the N;OH™ kinetic energy
release distributions (KERDs) yielded a N,OH*-OH binding
energy of 1.2 eV from which a HO"-N,O binding energy of
0.6-0.8 eV was inferred based on the relative ab initio en-
ergies of the cluster ion structures shown in Figure 1. Given
a N,O proton affinity of 6.0+0.1 eV, the N;,OH*+OH
dissociation continuum lies approximately 0.2 eV above the
H,0*+N,0 asymptote. Hence, the derived N,OH'-OH
binding energy suggested that N,OH* originates from an
isomer that is more stable than the association complex by
approximately 0.5 eV.

In the present work, we combine collision-induced dis-
sociation (CID) and photodissociation —studies of
(N,O,H,0)™ cluster ions prepared in a supersonic jet expan-
sion in order to examine the effects of nonequilibrium for-
mation conditions on the relative isomeric abundances. In
addition, the present work is complemented by CID mea-
surements of cluster ions produced under thermal conditions.
Low-energy CID studies with guided-ion beams are a reli-
able source of dissociation energies for a large number of
ions and cluster ions produced in both thermal environments
and supersonic jets.'9~'* This work can be regarded as the
first study in which CID onsets of cluster ions observed in
supersonic jet and thermal source experiments are compared.

While the photodissociation study of Graul et al." was

© 1997 American Institute of Physics
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FIG. 1. Schematic representation of the two stable structures for monohy-
drated nitrous oxide cluster ion as located by the ab initio calculations of
Graul et al. (Ref. 1).

conducted at selected visible wavelengths, the present work
presents photodissociation yields from cluster ions produced
in a supersonic jet source for a continuous spectral range that
covers almost the entire visible spectrum from 425 to 675
nm. The observed photodissociation band shapes yield addi-
tional information on the photodissociation mechanism. As
will be shown, this information coupled with the CID studies
prompts a new interpretation of the experimental observa-
tions involving a single isomeric form of the cluster, the
association complex, [N,0-H,0]".

Il. EXPERIMENT
A. Supersonic jet source experiments

Cold cluster ions are investigated in a modified guided-
ion beam apparatus at the Geophysics Directorate of Phillips
Laboratory. A schematic of the experimental apparatus is
shown in Figure 2. Cluster ions are produced by association
of neutrals with ions formed in a pulsed supersonic jet ex-
pansion source similar to that developed by Bieske er al.'®

Ton Precursor Gas

6" Turbo Pump

9571

The expansion gas backing pressure is approximately 4 bar
and consists of neat N,O bubbled through distilled and out-
gassed water. The gas mixture is expanded through a 0.5 mm
diameter orifice in a translatable nozzle. The pulse duration
is typically 240 usec and valve pulse rates of 50 Hz and 30
Hz are used for the CID and photodissociation experiments,
respectively.

The gas pulse is crossed by a 45 to 50 eV magnetically
confined electron beam to generate seed ions for cluster for-
mation. The extent of clustering is controlled by variation of
the distance between nozzle orifice and electron beam, the
ion extraction field, and to a lesser extent, the expansion gas
backing pressure. High ion extraction fields and low source
chamber pressures were found to reduce the formation of
protonated cluster ions, i.e. [H;0-N,0O]", presumably be-
cause the efficiency of the H,0" +H,0—H;0" +OH precur-
sor reaction decreases dramatically as the average collision
energy increases.'® Excessively high ion extraction fields, on
the other hand, risk heating and dissociating the cluster ions.
A 12 V/cm electric field is used to extract the ion beam
through a graphite coated skimmer with a 2 mm diameter
orifice into a differentially pumped chamber that contains a
dc quadrupole bender and associated electrostatic ion lenses.
The bender deflects the ion beam onto the axis of a guided-
ion beam apparatus which has been described previously.'”
The deflected ion beam is accelerated into a Wien filter as-
sembly for mass selection. The mass-selected cluster ion
beam is decelerated and injected into a system of two octo-
pole ion-beam guides in tandem. The collision cell, which
encompasses the last 3.5 cm of the first octopole, is at the
same dc bias as the first octopole and contains typically 0.04
Pa (0.300 mTorr) of Ar or Ne for the CID studies. The effi-
cient N,O" +Xe charge transfer reaction'® precluded the use
of the common CID target gas, Xe. ‘

The ion-neutral collision energy is varied by changing
the dc bias of the octopoles and collision cell with respect to

Lasg ’ \‘

Quadrupole | Quadrupole
Bender EXL Mass Filter
EIL Wien Filter §IJL MCP
Assembly
Teeese— —

- ” ” Collision Cell

| l | Xon Deflector
|| " —

.‘I ”I l—”l-l” ”r ”l 1on
Octopole 1 Octopole 2 * | Beam
[ ]

6" Turbo Pump

10" Cryogenic Pump
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FIG. 2. Schematic of the guided-ion beam apparatus (jet source) employed for the photodissociation and CID investigation of cluster ions formed under
supersonic expansion conditions. Abbreviations, FIL: thoriated iridium filament, EIL: electrostatic ion lens. IJL: injection lens, EXL: extraction lens, MCP:

multi-channel plate.

J. Chem. Phys., Vol. 106, No. 23, 15 June 1997




9572 Bastien et al.: Photodissociation studies of (N,O,H,0)*

the ion source potential which is held constant. Retardation
scans of the octopole dc-bias potential are used to determine
the axial energy distribution of the primary ion beam which
is found to be nearly Gaussian with a FWHM of 0.3 eV. The
dc bias potential of the second octopole is held 200 to 400
mV lower than that of the first to collect low kinetic energy
product ions. The product and unreacted primary ions are
extracted from the second octopole with an electrostatic lens
and focused into a quadrupole mass filter. The ions that
emerge from the quadrupole are deflected onto a multi-
channel plate for detection.

At every collision energy investigated, a mass spectrum
is obtained that normally includes both the primary and prod-
uct ions. The absolute integral product ion cross section,
o;, in the single collision regime can be determined from,

_ Iprod,i (])
(Iprim+ Eilpmd‘i)”/ '

oF

where /i, is the primary cluster ion signal, n is the number
density of the target neutral, /., ; is the product ion signal
of fragment i, and / is the effective length of the primary
cluster ion-neutral interaction region. The presence of single
collision conditions is established by ensuring that the cross
sections of each product ion are independent of n. For the
present system, no dependence was observed for any of the
product cross sections for target gas pressures below 0.350
mTorr. The absolute accuracy of the integral cross sections
are estimated to be = 30%. The relative error is substantially
smaller.

Although the jet source cluster ions are translationally
and rotationally cold, a small fraction, typically 0.1%, are
formed with enough internal energy to autodissociate. The
autodissociation fraction is independent of electron energy
over the range of 25 to 75 eV, but strongly increases with the
nozzle orifice-electron beam distance. This latter dependence
suggests these fragments primarily originate from direct ion-
ization of neutral clusters. The only autodissociation frag-
ments observed are N,O* and N,OH™, typically in a ratio of
50:1.

In the photodissociation studies, the broadband output of
a BBO (beta-barium borate) based Optical Parametric Oscil-
lator (Quanta Ray MOPO 710) pumped by the third har-
monic output of a 30 Hz Nd:YAG laser is propagated along
the main instrument axis in order to probe mass-selected
cluster ions confined by the octopoles. The MOPO output is
attenuated with neutral density filters to obtain energies of
approximately 0.5 mJ/pulse at a beam diameter of ~2.5 mm.
The power dependence of photofragment yields is observed
to be linear with zero intercept between 0.07 and 0.8 m)/
pulse, verifying operation in a single-photon, linear absorp-
tion regime. The valve pulse is triggered off the Nd:YAG
laser Q-switch synchronous output. A delay is adjusted to
maximize the cluster ion density in the octopoles during the
laser shot. Photodissociation action spectra are obtained by
recording primary cluster ion. secondary ion, and laser inten-
sities while scanning the OPO wavelength. The cross section
for one-photon cluster-ion photodissociation into fragment
i, o;, is then determined from,

_ [prod.i
! (C]prim+ zilprod,i)q> ’

2

o

where @ is the time integrated photon flux, /yn and /4 ;
are as defined previously, and ¢ is the fraction of the primary
cluster jons in the octopole during the laser pulse. We ensure
that all ions in the octopoles are in the laser field by applying
sufficiently high rf amplitudes that the photodissociation
yield is independent of the applied rf voltage.

At an octopole transmission energy of 1.0 eV, we deter-
mine from the time profile of the primary ion pulse that 82%
of all primary ions are in the octopole during the laser pulse.
Equation 2 does not account for the possibility that the irra-
diated cluster ions are in multiple isomeric forms that may
possess significantly different photodissociation yields. Thus,
the absolute photodissociation cross sections reported here
represent a lower bound for a particular isomeric species.

Due to uncertainties in the photon ‘‘flux’’ measure-
ments, @, and the ratio ¢, the absolute photodissociation
cross sections possess substantial uncertainties of = 50%.
The relative photofragment cross sections errors, however,
are significantly smaller.

B. Thermal source cluster ion experiments

Thermal cluster ions are investigated at the University of
Utah using a guided-ion beam tandem mass spectrometer
described in detail elsewhere,'%!® so only a brief description
is given below. A microwave discharge ion source followed
by a flow tube is used to produce the cluster ions.'® The
microwave power supply is operated at 2.45 GHz and 30 W
incident power. Helium is used as a flow gas, at 760 standard
cm® min~! flow rate which gives a pressure of about 0.8
mTorr in the flow. The N,O gas is introduced upstream in
the flow tube, about 18 cm from the ion source. The water
vapor is introduced downstream, about 70 cm from the ion
source. We find that a large excess of N,O is required to
prevent the otherwise preponderant formation of water clus-
ters. In operation, the leak valve admitting water is barely
open so that the residual water vapor present in the flow tube
is sufficient to form the desired clusters.

By the end of the meter long flow tube, the cluster ions
undergo more than 10* collisions with the carrier gas, which
should thermalize them. The assumption that these ions are
in their ground electronic states and that their internal energy
distribution is well described by a Maxwell-Boltzmann dis-
tribution at ambient temperature (300 K) is supported by the
results of many previous studies.'®'? Following the flow
tube, the ions are sampled through a 1 mm aperture, focused
through two differentially pumped chambers, and accelerated
into a magnetic sector. The mass selected cluster ions are
then focused into a radio frequency octopole ion guide'”
which passes through'a 8.26 cm long collision cell where
collisions with Ar or Ne take place. The pressures of these
gases are about 0.013 Pa (0.10 mTorr) in the collision cell,
low enough to ensure single collision conditions. This was
verified by taking data at several different pressures between
0.07 and 0.15 mTorr and observing no pressure effect on the
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FIG. 3. Comparison between the center-of-mass collision energy dependen-
cies of product cross sections for the (N,0,H,0)* CID using Ar (open
symbols) and Ne (black symbols) in the thermal source experiment.

resultant cross sections. Once extracted from the octopole,
the product and unreacted primary ions are mass analyzed
using a quadrupole mass sector and then detected with a
Daly-type detector'® and standard counting electronics.

The interaction energy is controlled by varying the dc
voltage on the octopole and collision cell with respect to the
ion source. The actual reactant ion energy and its distribution
are measured using the octopole as a retarding field
analyzer.' The cluster ion energy distributions were found
to be nearly Gaussian with full width at half maximum of
around 0.3 eV. The overall uncertainty in determining ion
energies is estimated to be 0.05 eV lab.!? As in the super-
sonic CID experiments described in Section II A, lab frame
energies are converted to center-of-mass (CM) energies
using the stationary target approximation: Ecy=E;
- m/(m+ M), where m and M are the masses of the neutral
and primary ion, respectively. Reaction cross sections are
determined from ion intensities and pressure readings as de-
scribed in Section II A. The overall uncertainties in the ab-
solute cross sections are estimated to be +20%.

lll. RESULTS
A. CID measurements

The same fragment ions observed in the photodissocia-
tion experiments of Graul etal’ (H,0%, N,0O" and
N,OH™) are detected in the present low energy CID experi-
ments of monohydrated nitrous oxide cluster ions. The en-
ergy dependence of the thermal source cluster-ion CID cross
sections with Ar and Ne are shown on a logarithmic vertical
scale in Figure 3. The absolute values of the Ar CID cross
sections are slightly larger than those for Ne, as anticipated
given the larger size and mass of the Ar atom.

Dissociation thresholds are extracted from the CID data
by convoluting an assumed functional form of the energy
dependent CID cross section (3) with relative kinetic energy
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FIG. 4. Cross sections (open circles) and fit lines for the H,0" product of
the CID of [N,0,H,0]* with Ar, obtained in the thermal source experiment,
as a function of energy in the center-of-mass frame (lower axis) and labo-
ratory frame (upper axis). The dashed line shows the best fit to the data
using the model of Equation 3 with parameters listed in Table I, for the
reactants with an internal temperature of 0 K. The solid lines show this
model convoluted over the internal and kinetic energy distributions of the
reactants.

distributions. The parameters of the model cross section
function are then adjusted to reproduce the experimental
data, as demonstrated in Figures 4 and 5. We employ the
frequently used modified line-of-centers functional form,'>%
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FIG. 5. Cross sections (symbols) and fit lines for the N>O" and the
N,OH™ channels of thie CID of (N,O,H,0)* with Ar, obtained in the ther-
mal source experiment, as a function of energy in the center-of-mass frame
(lower axis) and laboratory frame (upper axis). The dashed lines show the
best fit to the data using the model of Equation 3 with parameters listed in
Table 1, for the reactants with an internal temperature of 0 K: the solid lines
show this mode! convoluted over the internal and experimental kinetic en-
ergy distributions of the reactants.
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TABLE . Vibrational frequencies for the [N,O'H,0]" cluster ion. used in the analysis of the CID product cross sections.

lon Frequencies® (em™")
[N,O'H,0] 111.3 1775 237.5 420.0 4243 4432 5242 1056.1 1843.3 2184.8 4031.5 41267
“Computed by Graul (Ref. 21).
(E+E,—Ey)" (0.05 eV lab). Considering the uncertainties in the measure-
o(E)=0 02 g~ (3)  ments, the absolute values of the dissociation thresholds de-
i

to model the CID cross section energy dependence, where
0, is a scaling parameter, Ey is the dissociation threshold,
n is a curvature parameter, and £ is the relative kinetic en-
ergy available for reaction. The sum is over the ro-
vibrational states of the reactant, with energies E; and popu-
lations g; .

The analysis of the CID cross sections includes the in-
ternal energy of the reactant ions in Equation 3 as described
in previous papers.'' Therefore, the thresholds obtained cor-
respond to 0 K values. Vibrational frequencies for the cluster
ion were computed by Graul er al.*' The values are pre-
sented in Table I after scaling by 89%, according to their
suggestion. These values correspond to the [ N,0-H,0]" iso-
mer, which is believed to represent the primary isomer
present experimentally. as discussed further below. If the in-
ternal energy of the cluster ions is neglected in the analyses.
the measured thresholds shift to lower energies by about 0.13
eV. This value corresponds to the computed average internal
energy of the reactant ions at 300 K.

A RRKM calculation was also performed in our analysis
of the thermal source cluster ion data to assess the impor-
tance of kinetic shifts.”> We assumed a tight transition state,
with molecular parameters estimated simply by deleting the
reaction coordinate frequency (443.2 cm™') from the vibra-
tions of the cluster ion. This tight transition state should give
the largest possible kinetic shift, an overestimate of any
likely effect. The values obtained differ from our analyses
without the RRKM calculation by less than 0.02 eV, which
is negligible compared to other experimental uncertainties.

Table II lists the optimum fit parameters for each prod-
uct channel obtained from analysis of the thermal source
data. These parameters represent averages of several data
sets taken over a period of several days. The uncertainties
listed include the effect of changing the range of energies
analyzed, the scaling factor for the frequencies (from 89% to
80% and to 100%) and the uncertainty in the energy scale

termined for Ar and Ne are in excellent agreement. The
threshold values used in the discussion: 1.04+0.06,
1.4320.12 and 1.32+0.10 eV for the H,0%, N,0% and
N,OH™" fragments respectively, represent weighted averages
of the Ar and Ne data. The weights are the inverse squares of
the uncertainties for the Ar and Ne data, respectively. The
reported uncertainties represent two standard deviations of
the averaged thresholds.

The CID cross sections observed in the jet source experi-
ment are shown in Figures 6, 7 and 8. The jet source N,O"
and N,OH* CID cross sections shown in Figures 6 and 7
have been corrected for the observed autodissociation de-
scribed in Section II A. The H,0" cross section measure-
ments of the jet source cluster ions (Figure 8) exhibit sub-
stantial signal below the onset observed in the respective
thermal experiments. The low energy tail is independent of
the nozzle orifice-electron beam distance and the electron
energy over the range of 25 to 75 eV. We associate this
phenomenon with higher energy cluster ions, the possible
identity of which is discussed in Section IV.

The CID cross sections of the thermal source experiment
(Figure 3) are significantly higher than those of the jet source
experiment at higher collision energies. It is not clear
whether the differences can be attributed only to systematic
errors in the experiments or whether the source conditions
dictate the differences. However, the product branching ra-
tios, shown in Figure 9, are essentially the same.

The solid lines shown in Figures 7, 8 and 9 are calcu-
lated CID curves in which only ¢, of Equation 3 was ad-
justed while using the parameters E, and n of the respective
thermal source measurements (Table II), thus providing a
direct comparison between the two experiments. There is an
excellent agreement between the thermal and jet source ex-
periments in the N,O" and N,OH" yields, except for some
residual pre-threshold signal in the Ne CID data of the jet
source experiments. The latter may be due to residual vibra-

TABLE Il Dissociation thresholds. E, determined in the thermal source CID experiments and binding energies, E, , determined by Graul et al. (Ref. 1) for

fragmentation of the monohydrated nitrous oxide cluster ion.

Product Ar CID Ne CID Graul et al.
Ey n E, n E,
H,0" 1.06+0.04 1.34+0.11 1.00%0.06 1.66+0.38 0.6 to 0.8"
N,O* 1.39+0.08 1.83£0.16 1.48%+0.09 1.70£0.34 —
N,OH* 1.32+0.07 1.3320.20 1.33+0.08 145+0.32 1.2%

“Determined from the N;OH™ parent cluster binding energy and the relative energies of ab initio cluster structures I and I1.
"Determined from phase space theory simulation of N,OH® kinetic energy release data. Uncertainty in the N,OH™ E,, value was not reported.
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FIG. 6. Jet source CID cross sections for production of N,O" (ciosed
circles) and N;,OH™ (closed diamonds) in collisions with Ar. Solid lines are
calculated CID curves using the parameters of Equation 3 determined in the
thermal experiments listed in Table I.

tional excitation energy in the expansion conditions. The
thermal source fit parameters, however, clearly fail to repro-
duce the H,O" CID cross sections of the jet source experi-
ments. These have a substantial low-energy tail that affects
the cross section curvature far above the threshold observed
in the thermal source experiment. However, it is straightfor-
ward to reproduce the jet source cross sections for H,O by
summing the model for the thermal source (with only the
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T
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N
L (N,0 - H,0)" — N,O*/N,OH* + H,0/0H
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FIG. 7. Jet source CID cross sections for production of N.O* (closed
circles) and NzOH‘ (closed diamonds) in collisions with Ne. Solid lines are
calculated CID curves using the parameters of Equation 3 determined in the
thermal experiments listed in Table I.
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FIG. 8. Jet source CID cross sections for production of H.O* in collisions
with Ar (closed diamonds) and Ne (closed circles). Solid lines are calculated
CID curves using the parameters of Equation 3 determined in the thermal
source experiments listed in Table I.

value of ¢ allowed to vary) with one for the low energy tail
(09=2, Ey=0 eV, n=2). This is shown in Figure 10 for the
CID with Ne.

B. Photodissociation measurements

The photon energy dependence of photodissociation
cross sections between 15 000 and 23 500 cm ™' (425 to 670
nm) is shown in Figure 11 for cluster ions produced in the jet
source experiment. The H,O% and N,O" cross sections are
sizable, with maxima on the order of 0.03 AZ?, while those of
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FIG. 9. Branching ratios between product cross scctions of the

{N,O.H,0)" CID with Ar, as a function of the collision energy in the
center-of-mass frame (lower axis) and laboratory frame (upper axis), for the
thermal source (open symbols) and the supersonic jet source (closed sym-
bols) experiments.
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FIG. 10. Two-threshold model fit of the H,0* cross sections in
(N,0,H,0)" CID with Ne using the jet source experiment. The fit is ob-
tained using the thermal source data listed in Table I (E, = 1.04 eV, n
= 1.3) and a low energy threshold of E, = 0 e'V, n =2

the N,OH™ photofragment are substantially smaller. The
H,0" and N,O" photodissociation band shapes are very
similar, with the N,O":H,0 ratio increasing slightly with
photon energy (approx. 1 at 15000 cm™! and 1.4 at 22 000
cm™ .

The N,OH* photodissociation band is also broad but
distinctly different from the H,0" and N,O™ bands, peaking
at a considerably lower photon energy of ~16 800 cm™'.
The laser linewidth is such that vibrational structure in the
photodissociation bands could be resolved; however, no re-
producible structure is observed in any of the bands. The
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FIG. 11. Photodissociation cross sections of (N,O,H,0)* cluster ions pro-

duced in the jet source experiment. The H,0" and N,O" action spectra are
compared to relative bending vibrational intensities of the H;0" (A) state
photoelectron band shifted to higher energy by 2420 cm™ ',

present photodissociation N,O*:H,0*:N,OH" branching ra-
tios at ~488 nm (~20490 cm™ ") are 0.51:0.43:0.06. These
ratios agree well with those of 0.60:0.35:0.05 found at this
wavelength in the previous thermal source experiments.'

IV. DISCUSSION

As pointed out by Graul et al.,' the (N;O,H,0)* cluster
ion exhibits peculiarities that make it an interesting candidate
for structural studies. First, the [N,O-H,0]" cluster ion is
expected to exhibit considerable charge sharing because the
ionization energies of N,O and H,O differ by only 0.27
*+0.01eV. Although H,0" is more stable than N,O, the
much larger dipole moment of H,O is likely to stabilize a
N,O"-H,0 structure. The ab initio calculations of Graul
et al. indicate that the N,O moiety retains a larger fraction of
the charge. Recent density functional calculations by Stevens
and Morokuma, however, suggest complete charge sharing.*
Second, the relatively low proton affinity of N,O of
6.0x0.1 eV (Refs. 5-9) is very similar to the OH proton
affinity of 6.10£0.02 eV’ Therefore, it is reasonable that a
stable proton-transfer complex, [N,OH*-OH], could coexist
with a [N,0-H,0]* isomeric form at thermal conditions.

In their photodissociation studies of thermal source
(N,O,H,0)* cluster ions, Graul ef al.! suggested that the
[N,O-H,0]" isomeric form is the origin of the observed
N,O" and H,0" photofragments and [N,OH"-OH] is the
precursor ion of the NJOH™ fragment ions. Their interpreta-
tion was based on kinetic energy release measurements of
the photofragment ions. The anisotropic and high kinetic en-
ergy release observed in the N,O" and H,0" dissociation
products was attributed to photodissociation involving a
common repulsive upper state surface of the [N,0-H,0]*
isomeric form which correlates with the N,O (X'S™*)
+ H,0%(X2B,) dissociation limit. In order to reconcile that
two ionic fragments stem from the same repulsive surface, an
avoided crossing was invoked with the ground state surface
that correlates with the N,O*(X2II)+H,0(X'A,)
asymptotic limit. This is schematically depicted in Figure 12.
Graul et al. attributed the low, near-statistical, kinetic energy
release observed for N;OH*/OH dissociation products to a
long-lived upper bound state associated with the
[N,OH"-OH] isomeric form.

The presence of the [N,0-H,0]" isomeric form is
clearly confirmed by the present CID measurements. The
difference between the extracted threshold energies for the
N,O" and H,0" products is 0.39+0.13 eV. This value is
close to thermochemical predictions for the energy differ-
ence of the asymptotic limits, 0.27+0.01 eV. This supports
the interpretation that these two products originate from the
same precursor structure. The cluster-ion binding energy of
1.04+0.06 eV, however, is considerably higher than the
0.6-0.8 eV derived in the work of Graul et al. Part of this
difference can be attributed to the internal energy of the clus-
ters, 0.13 eV, when thermalized to 300 K, which was not
explicitly accounted for in the estimate of Graul et al. It is
also possible that the cluster ions in the previous experiment
are not as thoroughly thermalized as is possible in our flow
tube ion source.
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FIG. 12. Schematic potential surfaces relevant to the photodissociation of
structure 1. Ground electronic state species are assumed unless specified.
The hypothetical potential well associated with Structure II (Figure 1) of the
model suggested by Graul et al. (Ref. 1) is included for comparison.

The present photodissociation studies of cluster ions
formed in a supersonic jet expansion provide product
branching ratios that are similar to those observed by Graul
et al. The observed photodissociation band shapes provide
additional insight into the photodissociation mechanism. The
almost identical photodissociation band shapes observed in
the H,0" and N,O" action spectra further demonstrates that
these products originate from the same optical transition, and
are most likely the products of direct dissociation from the
isomeric form, [N,0-H,01". In Figure 11, the H,0" and
N,O" photodissociation bands are compared to the H,0*
A state photoelectron band,23‘25 the structure of which is
almost exclusively attributable to bending vibrational struc-
ture. The photoelectron band compares well with the ob-
served photodissociation band shape after shifting the lines
to higher photon energies by 2420 cm™! (0.3 eV). The ex-
cellent comparison invokes a refined photodissociation
mechanism involving a photo-induced charge-transfer transi-
tion from [N,0-H,0]" to a temporarily bound upper state
correlating with N,O (X *IT) and H,O" (A ?4,) dissociation
fragments. The 2420 cm™! shift indicates that the excited
cluster ion has a shallower well depth than the ground state
cluster ion. This is reasonable considering the substantially
weaker ion-dipole interaction of an ion with N,O versus that
with H,O.

If the H,0" and N,0O" photodissociation band shapes
are in fact due to a photo-induced charge-transfer transition
to a N,O(H,0", A) complex, considerable bending vibra-
tional excitation of the H,O moiety may be assumed in the

- upper state of the cluster ion. This predissociation mecha-
nism could still be consistent with the high kinetic energy
release observed by Graul et al., if the bending vibrational
motion couples strongly to the repulsive surface,
N,O-(H,0" X). An upper state lifetime on the order of a
vibrational period is consistent with the fact that no predis-
sociative vibrational structure can be resolved. Evidence for
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enhanced coupling of H,0" A and X states in the presence
of a second body has been observed in ion+H,0 charge-
transfer studies,”®"?® where efficient quenching of H,O"
(A) ions has been postulated in intimate collisions. In that
work, long-range near-resonant charge-transfer transitions
are observed to provide intense H20+ (A~ -X ) luminescence.
No luminescence is detected that can be attributed to colli-
sions that proceed through longer-lived intermediates and re-
sult in substantial energy transfer, despite clear evidence of
such events in the observed scattering dynamics. The strong
Renner-Teller interaction that couples H,O™" A and X states
along the bending coordinate is believed to be the rationale
for the efficient quenching of H,O*(A).

The present model can also account for the slight in-
crease in N,O™ branching ratio with photon energy. As sug-
gested by Graul et al., the dissociating cluster ion traverses a
region of strong charge-transfer interaction at long range,
and the N,O*/H,0" branching ratios are governed by the
respective charge-transfer dynamics. As the photon energy is
increased, the present model predicts that the translational
motion increases with respect to two nuclear coordinates, the
cluster dissociation coordinate and the H,O bending coordi-
nate. If the charge-transfer transition is coupled by the
nuclear motion with respect to the dissociation coordinate, an
increase in the H,O™ branching ratio with photon energy
would be expected, contrary to the observations. In a vibra-
tionally coupled transition, however, a transition from the
(H,0")N,0 to the H,O(N,0") surface would be facilitated
by excitation of the appropriate vibrational mode. Assuming
that a significant fraction of the nascent upper-state bending
vibrational motion is preserved on the repulsive surface, a
vibrationally mediated charge-transfer transition can explain
the increase in N,O* branching ratio with photon energy.
Such a mechanism is consistent with previous ion+H,0
charge-transfer studies where it has been demonstrated that
vibrational coupling is predominant at low collision
energies.”

The present work generally agrees with the interpreta-
tion of Graul efal' as it pertains to the H,0"/N,O and
H,0/N,O" dissociation channels. In contrast, our work does
not provide corroborating evidence for their explanation of
the N,OH*/OH channel. Graul et al. considered two possible
sources of the observed N,OH* photodissociation yields:
(i) photoexcitation of [N,Q-H,0]* to an excited state fol-
lowed by internal energy conversion and proton transfer; and
ii) photodissociation of a second isomeric form,
[N,OH*.OH]. Whereas mechanism i could account for the
low kinetic energy release observed in the N,OH" photodis-
sociation yields, Graul er al. argued against mechanism i)
because they expected a similar contribution of low energy
ions in the H,O" channel, given its comparable phase space.
A significant low energy H,0" component in the kinetic
energy release distributions, however, was only observed at
657 nm, the longest wavelength investigated by these au-
thors. Consequently, a predissociative transition involving
excitation of the N,OH™ moiety was deemed a more plau-
sible mechanism.
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If separate isomeric forms are the predominant precursor
ions of the H,0"/N,O* and N,OH" signals, it is likely that
the thermal and supersonic jet source experiments should
produce substantially different relative amounts of these two
forms. However, the present CID as well as the photodisso-
ciation product intensity ratios N,0O"/N,OH' and
H,0"/N,OH" do not change beyond the experimental un-
certainties when going from an equilibrated thermal to a non-
equilibrium, supersonic jet expansion environment. The
present CID threshold energy of 1.3220.10 eV for N,OH*
fragment ions (Table II) is in good agreement with the 1.2
eV derived by Graul ef al.' (excellent agreement once the
internal energy of 0.13 eV is considered). This threshold is
only 0.28:0.12 eV higher than the H,O" onset, somewhat
lower than the energy gap of 0.4~0.6 eV predicted by Graul
et al., but in agreement with the thermochemical prediction
of 0.19+0.20 eV, as determined from the known formation
enthalpies and experimental and theoretical proton
affinities.>”® The present CID measurements, therefore,
suggest that a collision-induced proton transfer reaction must
account for the observed N,OH*/OH dissociation channel.

Although the N,0"/H,0% and N,OH" photodissocia-
tion bands are significantly different, it is difficult to recon-
cile the broad N,OH™ band with a predissociative optical
transition involving [N,OH"-OH]. Graul et al.' suggested
that the electronic excitation is localized on the N,OH* moi-
ety. In order to verify whether this is a plausible mechanism,
we have conducted ab inito calculations on N;OH™ and its
lowest electronic states. NOH™ geometries optimized using
MP2/6-311-++G(3df,p) and RQCISD/6-31+G(d,p) levels of
computation®® and the geometry of the N,OH" moiety in
Structure II (Figure 1) were used to determine vertical tran-
sition energies. At the CIS/6-311++G(3d,f) level, we find
that the optical transition involving the first singlet excited
state of N;OH™ is not anticipated above 200 nm. Given the
closed shell nature of N;OH™Y, the transition to the first ex-
cited triplet state is not expected to be above 250 nm. It is
therefore unlikely that the presently observed N,OH™ pho-
tofragments at visible absorption wavelengths is associated
with a transition localized on the NOH™ moiety of a proton-
transfer complex, [N;OH"-OH).

The present evidence related to the N;OH™ photodisso-
ciation channel is more consistent with a photoinduced pro-
ton transfer mechanism involving [N,O-H,0]* (mechanism
i above). Upon closer inspection of the photodissociation
bands, it is seen that all three cross sections simultaneously
increase with photon energy at low photon energies. This
similarity is an indication that the same optical transition is
the source of all three fragment ions. Such a mechanism
implies competition between rapid predissociation of the ex-
cited cluster ion to a repulsive surface and internal conver-

sion to a longer-lived bound state that undergoes energy ran- -

domization. The fact that the N,OH' band peaks at
substantially lower photon energies before gradually declin-
ing can be interpreted as a steadily decreasing probability of
forming longer-lived photo-excited cluster ions as the photon
energy is increased. This interpretation is consistent with the
present predissociation mechanism, which involves coupling

with respect to the bending vibrational motion of the H,0
moiety. The bending vibrational excitation in the excited
state of the cluster ion is postulated to increase with excita-
tion energy, thereby increasing the predissociating rate and
decreasing the probability of forming longer-lived excited
species.

The above mechanism implies that some H,0O" should
also be produced with near statistical energy partitioning, as
mentioned by Graul efal.! The low-kinetic energy band
identified at 657 nm can be associated with such a process.
Given the declining N)OH™ branching ratio with photon en-
ergy and the broad H,O™" kinetic energy release distributions
in the experiments of Graul ef al., it is doubtful whether a
low-kinetic energy component could be positively identified
at shorter wavelengths.

Having explained the principal experimental observa-
tions on the basis of a single isomeric form, [N,0-H,0]",
the question arises as to why no evidence for the proton
transfer complex [N,OH"-OH] is observed despite its pre-
dicted stability. At this juncture we can only state that the
stabilization rate of the initially formed (N,O,H,0)*# ad-
ducts must be significantly faster than the isomerization rate
in the thermal source and supersonic jet expansion condi-
tions of the respective experiments. Such a situation is de-
picted in Figure 12, where a high barrier is postulated to
exist between the isomers. Preliminary results from density
functional geometry optimizations, however, cast doubt on
whether the proton-transfer structure proposed by Graul
et al. represents a local minimum at higher levels of theory,
and suggest that [N,O-H,0]" is considerably more stable. A
detailed density functional and ab initio study on this cluster
ion is currently in progress.®® It is also worth noting that the
global minimum of the investigated hypersurface is repre-
sented by a N,-H,0; structure. No evidence of HZO; frag-
ments was observed at low collision energies.

The most prominent difference between the thermal
source and the jet source experiments is clearly the pre-
threshold H,O™ signal observed in the jet source CID experi-
ments. These ions must be associated with energetic cluster
ions located near an H,0" asymptote. The most obvious
explanation for this phenomenon is residual vibrational exci-
tation in the jet source experiments. If all fragment ions
originate from the same precursor isomeric form, however,
vibrational excitation would be expected to affect all of the
fragment ion onsets in an equally dramatic way. Because
substantially smaller amounts of pre-threshold signal are ob-
served in the N,O* and N,OH" channels, it is conceivable
that one or more additional loosely bound isomeric forms are
present in the jet source experiments. A N,O(H,0%) com-
plex trapped in a shallow potential well outside of the
charge-transfer interaction region would account for the ob-
served phenomenon. Calculations are currently in progress to
locate such a structure.*

V. CONCLUSIONS

The (N;O,H,0)" cluster ion has been investigated under
both thermal equilibrium and supersonic jet nonequilibrium
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conditions using CID and photodissociation experiments. A
CID binding energy of 1.04%0.06 eV is determined relative
to the N,O+H,0% asymptote. Threshold energies of
1.4320.12 eV and 1.32%0.10 eV are determined for N,O*
and N,OH" fragment ions, respectively. The observed CID
thresholds in the thermal experiments are consistent with an
interpretation that all fragment ions originate from the same
precursor  isomeric form, [N,0-H,0]". Therefore,
N,OH*/OH CID products are the result of collision-induced
isomerization. The H,0" CID measurements of the jet
source experiment exhibit substantial pre-threshold signal
which is attributed to one or more loosely bound isomeric
forms that do not decompose to N,O* +H,0.

The present photodissociation experiments under super-
sonic jet expansion conditions provide H,O0*:N,0":N,OH*
branching ratios that are similar to the thermal source experi-
ments of Graul ez al.' The observed band shapes of all frag-
ment ions as well as the observed kinetic energy release’ can
be reconciled with a model involving a single optical transi-
tion from [N,0-H,0]" to an excited state N,O(H,0") cor-
related to the N,O+H,0% (A) dissociation limit. The
H,0" and N,0% photodissociation products are primarily
formed via rapid predissociation to a repulsive surface cor-
related with N,O+H,0" (X) products. The N,OH* frag-
ments are produced in a competing process involving inter-
nal conversion to a longer-lived complex, followed by proton
transfer.
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A high-temperature guided-ion beam study of Na + X* (X =0,,

NO, N,) charge-transfer reactions
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Phillips Laboratory, Geophysics Directorate, Optical Effects Division, Hanscom AFB, M A

01731-3010, USA

The high-temperature guided-ion beam method is used to measure absolute, integral cross-sections for charge transfer reactions
of sodium with O,*, NO™* and N,* in the collision energy range between ca. 0.2 and 10 eV (CM). At 1 eV the cross-sections are,
respectively, 168, 29 and 57 A2, with errors estimated at +40%. These experiments, involving molecular ions present in the
ionosphere at altitudes of 80-110 km, were undertaken to improve the kinetic data available to the community involved in
modelling mesospheric meteoric metal layers. The cross-sections are extrapolated to thermal energy, and thermally averaged rate
constants are derived. The cross-sections are discussed with respect to the effects of vibrational excitation of the reactant ions,
which are produced by electron impact ionization. These results permit an improved inclusion of metal-atom reactions in the
models, which are now able to account for the kinetic energy range commensurate with the meteor ablation process.

It has been known for some time that meteoric dust entering
the earth’s atmosphere ablates to generate a persistent layer of
metal atoms.! Most of the ablation of this material, which
exhibits velocities of 10~40 km s~ !, occurs at altitudes-above
80 km and results in the formation of layers of the metal
atoms with peak densities in the region of the mesopause at
about 85-95 km, and ion layers peaked slightly above the
neutrals. Because of their low ionization potentials, these
metal atoms can undergo rapid charge transfer (CT) with
ambient O,* and NO™, producing the ground-state atomic
ions which are very stable with respect to recombination and
chemical or CT reactions.

Sodium, because of the intense D lines, is an important con-
tributor to the nightglow, and was the first meteoric metal to
be identified spectroscopically.? This metal has been the
subject of renewed interest in modelling the formation and
behaviour of the mesopausal metal layers.>—> As suggested
above, CT reactions of sodium with ambient ions are expected
to be very important in the morphology of the metal:

Na+0,* »Na* +0, AHj=—6932¢V (1)
Na + NO* »Na* +NO AH}= —4125¢V (2

Contrary to expectations, however, metal ion densities are
lower than the neutral densities. Richter and Sechrist®” were
first to point out that the facile clustering of Na* with N,, via
three-body reactions,®1° followed by ligand switching and
electron-ion recombination, should constitute the primary
removal mechanism for Na™*:

Na* +N,+M-=Na*-N,+M (3
Na*+*N,+X->Na'X+N, X=C0,,H,0) @
Na*+X+e” -»Na+X (%)

Quantitative application of this essentially correct explanation
has been hampered, however, by the lack of experimental data
on the cross-sections of reactions (1) and (2), that is, the
primary reactions that lead to the formation of the ions. In
addition, the increased sophistication of metal layer modelling
now permits the inclusion of hyperthermal reactions of freshly
ablated material travelling at the meteoric velocity.

+ Orion International Technologies, Inc., Albuquerque, NM 87110,
USA. .

The rate constant for reaction (1) currently employed in
atmospheric models was derived by extrapolation of crossed-
beam (CB) experiments.!! The accuracy of the CB cross-
sections, especially at low collision energy, was compromised
because of the need for an extraction field in the collision
region to effect good collection efficiency. This extraction field
limited the measurements to collision energies above ca. 4 and
ca. 2 eV for reactions (1) and (2), respectively, requiring
extrapolation over a relatively broad range to extract a
thermal rate constant. The extrapolation procedure used in
the CB study featured an arbitrary combination of the Lange-
vin capture cross-section at lower collision energies with a
Rapp-Francis!?/Demkov!® mechanism for non-adiabatic
transitions at high collision energy, the latter being a model
based on atomic systems. Flowing afterglow!* (FA) and
Penning ion trap'® results are available; however these tech-
niques yielded data at single values of collision energy. It is
noteworthy that the rate constant for reaction (2) currently
used in atmospheric modelling was obtained from a com-
pendium of atmospheric kinetic data,'® and appears to be
derived via extrapolation of the CB results, however the
extrapolation was not done in the original CB work.!! The
lack of agreement between the thermal FA measurements and
the extrapolated CB results, and the interest in modelling
reactions of nascent ablated material, calls for an accurate
measurement of the cross-sections of interest at collision ener-
gies in the thermal through hyperthermal range.

In this work we present ion-Na CT cross-section measure-
ments using a recently developed novel technique. We have
designed a high-temperature octopole ion-guide for the deter-
mination of absolute integral cross-sections as a function of
collision energy for reactions of ions with neutral vapours of
non-volatile materials.!”*® This instrument is the first high-
temperature guided-ion beam apparatus to permit accurate
absolute cross-sections for ion—neutral reactions, and is based
on the guided-ion beam (GIB) technique originally developed
by Teloy and Gerlich!® for studies of volatile species. In a
GIB experiment, single collisions of ions with the target gas
occur inside the field-free trapping volume of an rf multipole,
here an octopole. The confining field, which does not affect the
kinetic energy of the ions and therefore enables the use of
primary ion beams with kinetic energy over a broad range
down to near-thermal energy, collects all scattered ions irre-
spective of scattering angle.?® As discussed in the following
sections, the key technical difficuity addressed in the high-
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temperature ion-guide design, which derives from the need to
work with a high-temperature metal vapour and which is
common to the methods used previously, is the accurate mea-
surement of the target gas density.

To aid in the understanding of the behaviour seen in reac-
tions (1) and (2) we also present data for the following reac-
tion: . .

Na+N,* >Na* + N, AH=—10442¢V  (6)

Experimental

The high-temperature octopole developed for these experi-
ments has been described in detail elsewhere.'® The octopole
assembly was incorporated into an existing tandem mass
spectrometer.2!'22 Fig. 1 is a schematic representation of the
instrument. Briefly, an ion beam is generated in a continuous,
electron impact source (A) and is directed onto the main
instrument axis by a 90° DC quadrupole bender (B). After
mass selection in a Wien velocity filter (C), the primary ion
beam is decelerated to the desired energy and injected into the
high-temperature octopole assembly (D). The octopole trans-
ports the ions through the target vapour in the heated oven-
collision cell (E), and the resulting secondary ions as well as
the transmitted primary ions are extracted into a quadrupole
mass filter (F). Ions are detected with an off-axis twin-
microchannel plate detector (G). The distinguishing feature of
the octopole/collision cell assembly is the use of coaxial sheath
heaters as octopole rods on which the ion-guide 1f potential
can be applied without interference from the heater circuitry.
The ion beam energy and energy distribution are determined
using both retarding potential and time-of-flight (TOF) mea-
surements. The width of the distribution of ion beam energy
in these experiments is typically 0.20 eV FWHM, or better,
and precision of the beam energy.is +0.05 eV.

The high-temperature system can be operated for several
days between cleanings, during which time a background due
to Na* thermionic emission and potential barriers near the
cooler upstream end of the octopole become increasingly
evident. The Na™ background is easily accounted for during
the experiments by measuring the sodium ion current while
the primary beam is momentarily stopped. We believe the
barriers, which are observed by comparison of the retarding
potential and TOF energy measurements, arise from oxida-
tion of sodium deposits on the poles. The barriers result in a
lower limit of primary ion kinetic energy, but affect neither the
accuracy of the energy measurement nor the distribution of
ion beam energy.’

The primary ions are created in their ground electronic
states by operating the ion source with an electron energy less
than that required to reach the first long-lived excited state of
the molecular ions. For N,*, the two lower excited states,
AZI, , and B2Z,*, have lifetimes of 17 ps and 63 ns®?

u, i

(respectively) and are expected to decay before reaching the
scattering cell, permitting electron energies of <22 eV. For
NO™* and O, electron energies of <15.5 eV and <16 eV are
used, respectively. For these energies electron impact ioniza-
tion is expected to be subject to the Franck-Condon factors
derived from photoelectron spectroscopy. Therefore, NO™*
and O,* should have vibrational states up to v =4 popu-
lated, with relative populations for v = 0-4 of approximately
1.0:22:19:11:05 and 10:20:21:1.0:0.2, respec-
tively.?* Electron impact ionization of N, has been estimated
to yield ca. 80% of N,* in v = 0.25 Two stages of differential
pumping and a 90° bend follow the source chamber, so reac-
tions of neutral molecules from the source with sodium in the
collision cell are negligible.

Cross-sections are obtained by monitoring the secondary
and primary ion intensities as the ion beam energy is varied.
The voltages at the extractor and deflector are computer-
controlled and are adjusted for each ion as the ion beam
energy is varied to correct for small differences in the collec-
tion efficiency of the primary and secondary ions. These differ-
ences in collection efficiency are due primarily to the large
difference in velocity between the primary and secondary ions
in exothermic CT reactions. In the single collision limit, the
cross-section (o) is obtained from:

0=—— (4]

where I is the secondary or product ion current, Iy is the
total ion current, n is the target density and [ is the effective
interaction length. The effective interaction length for the
cross section measurements is derived from the calibration of
the cell length with a volatile target.!®

For the sodium experiments, the collision cell is operated at
a temperature of ca. 460 K, as measured with a thermocouple
on the coolest part of the cell. The octopole rods are heated to
somewhat higher temperatures to reduce condensation on
them. Separate Knudsen cell experiments carried out at this
temperature indicate that the vapour composition is >99%
sodium with the primary impurity being potassium vapour.
The presence of sodium dimer (Na,) was not observed under
our conditions, and an equilibrium vapour pressure calcu-
lation indicates that the dimer is factor of 2 x 1073 less abun-
dant than the monomer. A temperature of 460 K corresponds
to a sodium vapour pressure (Py) of 0.076 mTorr,26 which
is within the range of target pressure required to minimize
multiple collisions while permitting viable signal levels.

A substantial contribution to the 25-30% error limits typi-
cally quoted for absolute cross-section measurements in GIB
experiments derives from the uncertainty in the target column
density, nl. This problem is compounded in the present high-
temperature technique because the customary capacitance
manometer cannot be used to determine the density of a

Fig. 1 Schematic of the high-temperature octopole ion-guide instrument. The labelled components are as follows: electron impact source, (A);
90° DC quadrupole bender, (B); Wien velocity filter, (C); high-temperature octopole assembly, (D); heated oven-collision cell, (E); quadrupole
mass filter, (F); off-axis twin-microchannel plate detector, (G). The unlabelled elements are electrostatic ion transport lenses. The ‘upstream’ ends
of the octopole rod heaters are curved away from the instrument centerline to accommodate the heater lead connections. The injection lens has a
conical shape of dimensions that preclude the ion beam being affected by the fields in the region of the bends in the poles..
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vapour that condenses at room temperature. Particular care
was taken in developing the instrument used here to enable
accurate measurement of the target vapour density.'® The
design permits two very different methods to be used, one
based on the assumption that the cell temperature can be
related to the vapour pressure of the target material, and the
other based on atomic absorption spectrometry.

In the temperature/P, pressure method, the density of the
target vapour is assumed to be the vapour pressure of the
target material as defined by the temperature of the coolest
surface with which the vapour is in contact inside the collision
cell. The cell configuration, with relatively large orifices, is
‘only a coarse approximation of a Knudsen cell, in which
vapour pressure determinations are carried out in conditions
where a cell is uniformly heated and the vapour inside the cell
is in equilibrium with the bulk sample, and the flux of vapour
escaping through a small orifice is measured.?” This is in con-
trast to a Langmuir configuration in which the flux of a
material evaporating from a uniformly heated surface, with no
flux onto the surface, is determined. The cell in the current
work is not uniformly heated, owing in part to its also being
heated by the octopole array, which is typically operated at
slightly higher temperatures than the nominal cell tem-

“ perature. Nevertheless, the success of the correction for
thermal transpiration in the initial calibration of the effective
cell length, performed with a volatile target gas at different
operating temperatures,'® points to the validity of relating the
thermocouple measurement to the target density.

The line of sight along the main instrument axis permits the
use of atomic absorption spectrometry to measure the target
column density directly. In this work, a tungsten-halogen con-
tinuum light source (Ealing) is used, and the transmitted light
is detected with a liquid-nitrogen-cooled CCD detector
(Princeton Instruments) after dispersion in a 0.18 m spectro-
graph (Thermo Jarrell Ash) with a 2400 groove/mm grating.
The curve-of-growth for the sodium D doublet, which relates
the absorption signal to the vapour density, is obtained by
integration of the Voigt absorption profile, taking hyperfine
structure into account.'®

Comparison of the density determination techniques indi-

cates a systematic difference, with the thermocouple/Py mea-
surement giving smaller cross-sections. The difference does not
exceed the typical error limits given for GIB experiments,
which represents remarkably good agreement for such dispa-
rate techniques. The optical measurements exhibit greater
scatter, due to low signal-to-noise arising from the low
‘resolution of the spectrograph/CCD. This is compounded by
a lack of sensitivity due to the fact that at the density neces-
sary for the GIB experiment the sodium vapour represents an
optically thick absorber, so changes in density are accompa-
nied by relatively small changes in absorption signal. In this
work, the cross-sections have been calculated using the
thermocouple/Py measurement, largely because of the greater
sensitivity and reproducibility of this method, which was
manifested in good day-to-day duplication of the measure-
ments. Error limits in the current work are estimated as
+40%.

Results
Reactions (1), (2) and (6)

Fig. 2, 3 and 4 show the absolute cross-sections measured for
reactions (1), (2) and (6), respectively, for collision energies
from ca. 0.08-0.2 eV to 10 eV. Each cross-section is compared
to the results of the thermal FA'* and hyperthermal CB'!
studies, as well as the Langevin capture cross-section for the
interaction of ions with sodium. The values used in meso-
spheric sodium metal layer modelling are displayed in Fig. 2
and 3, and the result of the extrapolation to thermal energy of
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Fig. 2 Cross-section for Na + O,* - Na* + O,, as a function of
kinetic energy (small open circles). The other symbols represent: CB
results'' (small filled circles); thermal FA results'* (large open
hexagon); Penning-trap results!® (open diamond); and the thermal
value currently used in atmospheric models (large filled square). The
dotted curve is the Langevin cross-section for reactions of ions with
sodium, and the solid and dashed curves are exponential extrapo-
lations of the present data and CB results, respectively, to thermal
energies, as explained in the text.

the CB data is indicated in Fig. 4. The Penning-trap data'®
are also shown in Fig. 2 and 4.

The three cross-sections are characterized by an exponential
decrease in magnitude with increasing energy at low collision
energies, and a transition to a nearly energy-independent
region above ca. 2 eV. Evidence of an increase in cross-section
above 5 eV can be seen for reaction (2). The cross-sections for
the three reactions rank in the order o, > o4 > 0,, with o,
markedly larger than the Langevin cross-section. Although a
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Fig. 3 Cross-section for Na + NO* — Na* + NO, as a function of
kinetic energy (small open circles). The other symbols represent: CB
results!? (small filled circles); thermal FA results’* (large open
hexagon); thermal value currently used in atmospheric models (large
filled square). The dotted curve is the Langevin cross-section for reac-
tions of ions with sodium, and the solid and dashed curves are expo-
nential extrapolatlons of the present data and CB results respectively,
to thermal energies, as explained in the text.
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Fig. 4 Cross-section for Na + N,* - Na* 4+ N,, as a function of
kinetic energy (small open circles). The other symbols represent: CB

results' (small filled circles); thermal FA results'* (large open

hexagon); Penning-trap results!> (open diamond); and the thermal
value obtained by the Langevin/Rapp-Francis extrapolation in the
CB work (large filled square). The dotted curve is the Langevin cross-
section for reactions of ions with sodium, and the solid and dashed
curves’ are exponential extrapolations of the present data and CB
results, respectively, to thermal energies, as explained in the text.

value larger than the nominal capture cross-section has been
observed for excited O,* ,*! participation of these species is
easily precluded by keeping the ion source electron energy
below 16 eV.2® The present results indicate larger cross-

Table 1 Results of fitting of aE;~? to the low-energy component of
the Na + XY™ cross sections

XY a : b
0o, 172.49 0.5773
NO 25.183 0.4294
N, 51473 0.5512
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Fig. 5 Rate constants derived from present work for Na + X*
charge-transfer reactions, X = O, (open), NO (filled), N, (shaded), as
a function of kinetic energy. The data points were simply converted
via k = ov. The curves are thermal averages of the extrapolated cross-
sections, as described in the text.
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sections than measured previously. While the GIB cross-
sections are approximately twice those obtained in the CB
work, the relative magnitudes within either study compare
quite well. The cross-sections for reactions (1), (2) and (6) at 1
eV are 168, 29 and 57 A2, respectively.

Compared to lower limits of ca. 2.9, 1.7 and 0.7 eV in the
CB studies of reactions (1), (2) and (6), respectively, the exten-
sion of the GIB data to collision energies below 0.2 eV allows
considerably more confidence in the extrapolation of these
cross sections to thermal energy. The solid curves in Fig. 2, 3
and 4 are the results of extrapolation via fits of a simple expo-
nential expression, ¢ = aE;?® to the low energy region of the
cross-sections, the results of which are given in Table 1. These
results indicate a substantial difference from the quantities
currently in use in atmospheric models, especially for reaction
(1) for which the models employ a cross-section ca. 5 times
smaller than is observed here. Note that in Fig. 2, 3 and 4 the
dashed lines are extrapolations derived by the above exponen-
tial expression, rather than the formalism used in the CB
study. The FA work,'* in which the authors noted particular
difficulty while studying reaction (2), also reported smaller
thermal rates than those indicated here. The Penning-trap
cross-sections are not consistent with those from any other
study, but fall within the range of the various measurements.

It is notable that the extrapolation procedure derived in the
CB work,?*° which employed an arbitrary combination of
Langevin and Rapp-Francis'? models, resulted in a larger
thermal rate for the reaction of sodium with N,* as compared
to O,*.!! Application of this procedure on the cross-sections
measured here, for comparison, was not possible since it
requires data at higher kinetic energies than those employed
in this study. Moreover, the publication of the CB results does
not mention the temperature of the sodium beam source,!!
which raises the question of whether the relative collision
energy for the CB configuration was derived correctly, an
issue that would be most important at the low collision ener-
gies the extrapolation was intended to describe.

Fig. 5 is a plot of the present data in the form of rate con-
stants (k), including the extrapolations. In this plot, the experi-
mental data are simply represented as k = gv, where v is the
nominal relative velocity. The extrapolated data in Fig. 5 are
derived via eqn. (II), in which the rate constant is obtained by
averaging over the distribution of ion kinetic energy, f(v,), and
thermal motion of the neutral target, f(vy), and over incident
lab angle, A, since these effects become important at low colli-
sion energies:

i = §f§f dv; dv, sin 4 dAf(v)f(v)ov?
~ fff dv; dv, sin A dAf(v)f(v,)v

The ion velocity distribution is derived from a Gaussian
kinetic energy distribution, and a Maxwell-Boltzmann dis-
tribution of neutral velocity is used. The denominator is a
normalization factor. The simplicity of eqn. (I) results from
the assumption that all primary ion- velocities are parallel to
the ion-guide axis, thereby reducing the problem to cylindrical
symmetry.3!

(1D

Other reactions

Other reactive channels for collisions of sodium with O,*,
NO™ and N,* are energetically unfavourable, and were not
observed in the present work. The atomic systems:

Na + O* >Na* + 0 AHS = —8479 eV @)
Na+N* > Na* + N AHS = —9.395¢V (8)

were examined, however the extent of reaction was below the
detection limits of the experiment at the hyperthermal colli-
sion energies investigated in this work. : :
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Discussion

Exothermic charge transfer

For recent insights in the theoretical field the reader is
directed to articles by Nakamura3? and by Gislason et al.®?
Typically, CT models describing the translational energy
dependence of cross-sections derive from theories developed
for atomic systems at collision energies in the range 10-1000
eV, and feature a decrease in cross-section with decreasing
energy below this. The two principal scenarios are embodied
in the Rapp-Francis'? or Demkov!® models, that deal with
nonadiabatic transitions at long range between parallel, near-
resonant entrance and exit potential-energy surfaces, and the
Landau-Zener model,>*3% which invokes surface hopping at
shorter range in the vicinity of an avoided crossing. In both
pictures, radial velocity enhances the negotiation of the rele-
vant energy gap, as described by the Massey adiabaticity
parameter.3$

In molecular systems, models of CT reactions must account
for the additional vibrational degrees of freedom, since nuclear
motion along vibrational coordinates can also promote
charge transfer. Since the dependence of the electronic coup-
ling along a vibrational coordinate is often negligible at high
kinetic energy, the molecular CT cross-section is usually

reduced to:33:37.38

Gyy = 0(Ex, AE, ,)(v|0')? (I

where ¢,._,, is the vibronic state-to-state cross section, o(Erg,
AE, ,) is the electronic CT cross-section dependent on the
kinetic energy (E;) and vibronic energy gap (AE,, ), typically
modelled as transitions between parallel surfaces, after Rapp-
Francis/Demkov,'?!? and {v|v')? is the appropriate FCF. At
the low kinetic energies of interest in the present work, and as
has been observed in other studies,?®*° this picture is no
longer suitable since the timescale of the interaction is now
greater than the typical vibrational periods, and the energy
" dependence of the cross-section cannot usually be represented
by that of atomic systems. The latter is especially so when
vibrational coupling is important, in which case the long
interaction times at low collision energies enhances CT, in
contrast to the behaviour of atomic systems. The importance
of vibrational coupling in molecular CT systems has been
documented by numerous authors.*!~43

In the current study, the kinetic energy dependence of the
cross-sections is characteristic of exothermic CT reactions in

- polyatomic systems. The large cross-sections indicate that
reactions take place at long range, resulting in negligible
momentum transfer and a concomitant disposal of exother-
micity as internal energy of the products, which constitutes
the energy resonance criterion for exothermic CT. The low-
energy behaviour observed here can be associated with vibra-
tionally mediated CT transitions, since the increasing
interaction time of the collision partners with lower velocity
increases the likelihood of the passage through the optimal
electronic interaction region along the vibrational coordinate,
consistent with a cross-section energy dependence of approx-
imately E; /2,

In the present systems, the product excitation via near-
‘resonant CT resides entirely in the molecular species, since the
lowest Na* excited state is at ca. 32 eV. Values of D, for O,,
NO and N, are 5.116, 6.497 and 9.76 eV,?? respectively, and
imply the availability of dissociative channels in reactions (1)
and (6). Dissociative CT has been observed for reaction (6) at
high kinetic energies, and was attributed to predissociation
from high vibrational states of the N, a I, state via direct
spin-spin coupling to the weakly bound A’ SX,* state.*® In
the same study, it was also pointed out that the a 'II, and
B 3T1, states are the only energetically accessible states for CT
which involve a one-electron transition. The more intimate

collision events at low kinetic energies could enhance the
coupling to the dissociative states accessible in reactions (1)
and (6).

The vibrational state distributions of the O,* and NO*
beams require consideration of the possible vibrational effects
in reactions (1) and (2). Fig. 6 shows the relevant molecular
potentials for reaction (2) along the vibrational coordinate of
the NO moiety, with the energy scale referenced to the zero-
point energy of the entrance channel. The curves, which are
drawn for infinite ion-neutral separation, are modified Morse
potentials*” derived from the appropriate molecular param-
eters,?848 and are sufficiently accurate for the purposes of this
discussion. The asymptotic region of the NO a *II; curve, in
the range where the Morse potential is less satisfactory, is
scaled from the ground-state potential in the same region. It
can be seen that reactant ion vibrational energy should signifi-
cantly promote CT, since the Franck—Condon overlap is
expected to increase with reagent vibrational excitation, as the
curve crossing at the repulsive part of the potential energy
surfaces is approached. The poor overlap for the lowest vibra-
tional states in NO¥ is consistent with the relatively small
cross-section observed for reaction (2). The efficiency of reac-
tion (2) should be enhanced further by the crossing of the NO
a *TI, and NO™ ground states, which opens an additional CT
channel for v & 5 of NO*. The slight increase in the CT cross-
section for reaction (2) at higher collision energies may be
attributable to translationally coupled transitions to NO
a *TI; + Na™ products.

Another aspect of the reactions studied here arises from the
substantial difference in polarizability of sodium (24 A% and
the molecular products (1.59 < « < 1.74 A3). As illustrated by
the interfragment potentials for reaction (2) in Fig. 7, the
resulting difference in the entrance and exit attractions leads
to a large number of crossings between entrance and exit dia-
batic vibronic states. The exit channel ion-dipole interaction
is not included because of the small NO dipole moment, and
only the lower energy component of the NO ground spin-
orbit state is shown.

Owing to the much stronger entrance interaction potential,
the approaching reactants encounter crossings with exother-
mic product states. In reference to Fig. 6, this signifies that the
reactant potential shifts down in energy with decreasing inter-
fragment distance, thereby lowering the curve crossing along

6 NO* X'r" +Na’s,,
4+ .
i NOa‘TL +Na" 'S, ]
z) 2 —— -
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Fig. 6 Molecular potential-energy curves for reaction (2) for infinite
ion-neutral separation. The energy scale is referenced to the zero-
point energy of the entrance channel. The solid curves are modified
Morse potentials; the dashed segment of the a *Il; curve is scaled
from the X 211, curve.

J. Chem. Soc., Faraday Trans., 1997, Vol. 93 2615




15
r v v
I N 128 4
1o = 407
; < S 126 3
s [ —7  __—= i
CO
605'_/7#/ e ———do4 2
ﬁ il j2r
O'O., iy =20
1177 T ]
/ / 119
i 7
__05 [ /l[’-—-ﬂél—ﬁlnllnllllullllnlul 18

3 4 5 6 7 8 9
interparticle distance/A

Fig. 7 Effect of the ion-atom attraction as a function of ion~neutral
separation on the asymptotic entrance and exit vibronic levels for Na
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the repulsive part of the potential towards vibrational levels
populated in the present experiments. It follows that the low-
energy vibrational state-to-state cross-sections are governed
by twd important factors: the strength of the exchange inter-
action at the interfragment distance where the respective dia-
batic vibronic curves of Fig. 7 cross, and the Franck-Condon
overlap that expresses the probability of residing in the strong
interaction region along the reactant and product vibrational
coordinates. Whereas little can be said on the former point in
the absence of state-resolved measurements, the Franck-
Condon overlap, as stated above, is clearly expected to
increase with reactant vibrational energy, suggesting a strong
vibrational dependence of the charge-transfer state-to-state
cross-sections. Meanwhile, translational coupling via the
Demkov mechanism may be expected to show effects already
at the low energies of this work due to the small energy gaps
encountered over broad interfragment distances. This would
be an additional explanation of the rise in the NO* + Na
charge-transfer cross-section observed at the highest kinetic
energies of this work.

Unlike reaction (2), a large number of electronic states are
accessible in reactions (1) and (6). An analysis as performed in
Fig. 7 is consequently not possible, because the necessary
excited-state molecular polarizabilities are not known. An
analysis as outlined in Fig. 6, however, shows that for reaction
(1) the O,* ground state potential near v = 0 crosses the 0,
A ’Z.*, C3A, and ¢ 'Z,” potentials along their repulsive
walls in the respective dissociation continua. These inter-
actions should be very efficient due to the favourable FCFs
and perfect resonance conditions, as well as to the irrevers-
ibility of dissociative charge transfer, which is consistent with
the very large observed cross-sections. Moreover, at infinite
ion-neutral separation, the O," ground state potential crosses
the v = 3 level of the O, B 3%, potential, suggesting that a
noticeable vibrational enhancement could be observed if the
electronic coupling to this state is significant.

The above deliberations on vibrational effects warrant
further comparison of the present results to the earlier mea-
surements. As seen in Fig. 2 and 4, the FA experiments gave
comparable rate constants for reactions (1) and (6). Those
studies were carried out in a 300 K carrier gas, so the reac-
tions involved vibrationally cold molecular jons.'* In contrast,
in both the present GIB experiments and the CB studies,
where NO* was formed by electron impact on N,O, the
molecular jons should have vibrational distributions similar to
those indicated in the experimental section, which is borne out
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by the similar relative cross-sections among the three reac-
tions for either technique. Since the GIB cross-sections benefit
from more accurate neutral density measurement, improved
ion collection efficiency and negligible primary vs. product ion
discrimination, the magnitudes are expected to be more accu-
rate than previously obtained. If the relative magnitudes of the
FA rate constants are representative of cold reagents, scaling
the FA results to the more accurate absolute GIB cross-
sections via the measurements for reaction (6), which involves
cold N,* in both cases, would recover the absolute thermal
cross-section with cold reactants for reactions (1) and (2). The
cross-section for reaction (1) measured here would then indi-
cate considerable vibrational effects, the removal of which
would result in a near-Langevin cross-section for cold 0o,*
reaction. Likewise, if the present measurement of the cross-
section for reaction (2) has a similar degree of vibrational
enhancement, consistent with the above analyses, then reac-
tion with cold NO* would result in a cross-section’ corre-
sponding to the scaled FA result. These considerations point
to the need for the accurate experimental determination of
vibrational effects in reactions (1) and (2), especially if the goal
of comparing the systems studied here to existing theories for
exothermic CT is to be met.

Implications for atmospheric models

Preliminary atmospheric model calculations*® indicate that
the cross-sections measured here, at thermal energies and with
no adjustment to account for possible vibrational effects, do
not have a substantial influence on the Na* altitude profile.
On the other hand, the profile of Na is significantly affected.
The top edge of the neutral layer is now pushed downward
until Na nearly vanishes at an altitude of ca. 115 km at noon,
as compared to ca. 130 km in the previous studies, while the
nighttime profile is not affected much. This results in a con-
siderably greater diurnal variation in the neutral layer profile
than was seen in previous work.

Given the sensitivity of the atmospheric model to the CT
cross-sections, it will be beneficial to quantify the vibrational
effects in the present measurements. Until this is achieved, we
propose, for the purpose of atmospheric modelling, that the
rate constants indicated in Fig. 8 for reactions (1), (2) and 6
be taken as representing reactions with vibrationally cold
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Fig. 8 Rate constants for vibrationally cold reactants (Na + X*,
v=0, X=0,, N, or NO), derived as described in the text. The
curves are comprised of the thermally averaged extrapolations at low
energies, shown in Fig. 5, and polynomial fits to the present data. The
dots represent the respective scaled flowing afterglow rate constants.
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jons. These rate constants were obtained from the scaling
derived from the comparison of the FA and present results, as
discussed above. Application of these results to the atmo-
spheric model, including hyperthermal reactions, is under
way.*®

Conclusion

The Na +X* (X=0,, NO, N,) charge-transfer systems
exhibit large cross-sections consistent with the long-range
nature of near-resonant exothermic charge-transfer reactions.
CT cross-sections for these systems at 1 eV are 168, 29 and 57
A2 respectively. The differences among the cross-sections can
be explained by the access to dissociative CT for reactions
with O,* and N,*, along with the possibility of vibrational
effects owing to the internal energy distributions of the
primary ions. The latter point can also be used to explain the
differences in the relative cross-sections for the three reactions
as observed in the present high-temperature guided-ion beam
experiment and the earlier flowing afterglow work. The
present experiment confirms the advantages of the high-
temperature guided-ion beam technique over the others with
regard to the ability to measure ion-neutral reaction cross-
sections at the near-thermal to hyperthermal kinetic energies
and to accuracy owing to improvements in target vapour
density measurement, ion collection efficiency, and the elimi-
nation of primary vs. secondary ion discrimination. In prelimi-
nary calculations, the results reported here have been
illustrated to have significant consequences for the modelling
of the meteoric metal layers. For the purposes of refining these
calculations, we have attempted to derive from the present
data the CT cross-sections for reactions with vibrationally
cold ions.

This work was supported by AFOSR under Task Nos.
2303EP2 and ILIRSPHWO018. The authors are indebted to
Mr W. J. McNeil and Dr S. T. Lai for communicating the
preliminary results of the atmospheric modelling based on the
present work.

References

1 J. W. Chamberlain and D. M. Hunton, Theory of Planetary
Atmospheres, Academic, San Diego, 1987.
2 V.M. Slipher, Publ. Astron. Soc. Pac., 1929, 41, 262.
3 J. M. C. Plane, Int. Rev. Phys. Chem., 1991, 10, 55.
4 W. J. McNeil, E. Murad and S. T. Lai, J. Geophys. Res., 1995,
: 100, 16847.
5 R.M. Cox, J. M. C. Plane and J. S. A. Green, Geophys. Res. Lett.,
1993, 20, 2841.
6 E.S. Richter and C. F. Sechrist, Geophys. Res. Lett., 1979, 6, 183.
7 E.S. Richter and C. F. Sechrist, J. Atmos. Terr. Phys., 1979, 41,
579.
8 F. E. Niles, J. M. Heimer!, G. E. Keller and L. J. Puckett, Radio
Sci., 1972, 7, 117.
9 R. A. Perry, B. R. Rowe, A. A. Viggiano, D. L. Albritton, E. E.
Ferguson and F. C. Fehsenfeld, Geophys. Res. Lett., 1980, 7, 693.
10 D. Smith, N. G. Adams, E. Alge and E. Herbst, Astrophys. J.,
1983, 272, 365.
11 J. A. Rutherford, R. F. Mathis, B. R. Turner and D. A. Vroom, J.
Chem. Phys., 1972, 56, 4654.

17
18
19
20
21
22

23

24

25
26

48
49

D. Rapp and W. E. Francis, J. Chem. Phys., 1962, 37, 2631.

Y. N. Demkov, Sot. Phys. JETP, 1964, 18, 139.

A. L. Farragher, J. A. Peden and W. L. Fite, J. Chem. Phys., 1969,
50, 287.

R. Loch, R. Stengler and G. Werth, J. Chem. Phys., 1998, 91,
2321.

M. J. McEwan and L. F. Phillips, in Chemistry of the Atmosphere,
Edward Arnold. London, 1975.

D. J. Levandier and R. A. Dressler, High-Temperature Octopole
Ion Guide with Coaxially Heated Rods, US Pat. Pending, 1997.

D. J. Levandier, R. A. Dressler and E. Murad, Rev. Sci. Instrum.,
1997, 68, 64.

E. Teloy and D. Gerlich, Chem. Phys., 1974, 4, 417.

D. Gerlich, Adv. Chem. Phys. I, 1992, 82, 1.

R. A. Dressler, R. H. Salter and E. Murad, J. Chem. Phys., 1993,
99, 1159.

M. J. Bastian, R. A. Dressler, D. J. Levandier, E. Murad, F.
Muntean and P. B. Armentrout, J. Chem. Phys., 1997, in press.

A. A. Radzig and B. M. Smirnov, Reference Data on Atoms, Mol-
ecules and Ions, ed. J. P. Toennies, Springer-Verlag, Berlin, 1985,
vol. 31.

D. W. Turner, C. Baker, A. D. Baker and C. R. Brundle, Molecu-
lar Photoelectron Spectroscopy, Wiley-Interscience, London. 1970.
G. Henri, M. Lavoliee, O. Dutuit, J. B. Ozenne, P. M. Guyon and
E. A. Gislason, J. Chem. Phys., 1988, 88, 6381.

M. W. Chase, C. A. Davies, J. R. Downey, D. J. Frurip, R. A.

+ McDonald and A. N. Syverud, JANAF Thermochemical Tables,

3rd edn., Part 11, J. Phys. Chem. Ref. Data, 1985, vol. 14.

R. C. Paule and J. L. Margrave, in The Characterization of High
Temperature Vapors, ed. J. L. Margrave, Wiley, New York, 1967.
K. P. Huber and G. Herzberg, Constants of Diatomic Molecules,
Van Nostrand Reinhold, New York, 1979.

F. A. Wolf and B. R. Turner, J. Chem. Phys., 1968, 48, 4226.

J. A. Rutherford, R. F. Mathis, B. R. Turner and D. A. Vroom, J.
Chem. Phys., 1971, 55, 3785.

D. Gerlich, J. Chem. Phys., 1988, 90, 127.

H. Nakamura, Adv. Chem. Phys. 11, 1992, 82, 243,

E. A. Gislason, G. Parlant and M. Sizun, Adv. Chem. Phys. 11,
1992, 82, 321.

L. D. Landau, Phys. Z. Sowjetunion, 1932, 2, 46.

C. Zener, Proc. R. Soc. London, A, 1932, 137, 696.

M. S. Child, Molecular Collision Theory, Academic Press,
London, 1974.

M. R. Spalburg, J. Los and E. A. Gislason, Chem. Phys., 1985, 94,
327.

E. A. Gislason and G. Parlant, Comments At. Mol. Phys., 1987,
19, 157.

I. Kusunoki and T. Ishikawa, J. Chem. Phys., 1985, 82, 4991.

Y. Shiraishi and I. Kusunoki, J. Chem. Phys., 1987, 87, 6530.

K. Yamashita, K. Morokuma, Y. Shiraishi and I. Kusunoke, J.
Chem. Phys., 1990, 92, 2505.

V. Sidis, Adv. Chem. Phys. I1, 1992, 82, 73.

S. Chapman, Adv. Chem. Phys. I1, 1992, 82, 423.

R. A. Dressler, S. T. Arnold and E. Murad, J. Chem. Phys., 1995,
103, 9989.

R. A. Dressler, M. J. Bastian, D. J. Levandier and E. Murad, Int.
J. Mass Spec. Ion Processes, 1997, 159, 245.

A. B. van der Kamp, L. D. A. Siebbeles and W. J. van der Zande,
J. Chem. Phys., 1994, 101, 9271.

G. Herzberg, Molecular Spectra and Molecular Structure 1.
Spectra of Diatomic Molecules, Van Nostrand Reinhold, New
York, 1950.

K. P. Huber and M. Vervloet, J. Mol. Spectrosc., 1988, 129, 1.

W. J. McNeil. S. T. Lai and E. Murad, to be published.

Paper 7/01872); Received 17th March, 1997

J. Chem. Soc., Faraday Trans., 1997, Vol. 93 2617




Comments Relating to Energy Resonance,
Franck-Condon and Langevin Criteria in
Low-Energy Charge-Transfer Collisions

Energy resonance, Franck-Condon and Langevin criteria are discussed for low-energy singly
charged ion-neutral charge-transfer collisions. The suitability of these criteria are debated
using the (O + Xe)*, (O + NO)* and (N + NO)* charge-transfer systems as examples.

Key Words: charge transfer, ion—molecule, charge exchange, Franck—Condon, Langevin,
low-energy collisions

Low energy ion—molecule charge-transfer collisions often result in prod-
ucts with large amounts of internal energy. Unlike most other common
gas-phase molecular collision events, high product excitation can occur
even when the trajectory does not negotiate the chemical interaction
region of the intermolecular potential. Such long-range exothermic
charge-transfer reactions can be very efficient, signifying very large
cross sections at both thermal and hyperthermal translational energies.
Consequently, exothermic charge-transfer reactions are the predominant
ion-molecule process observable above 1 eV and play an important role
in plasma environments such as those encountered in the upper atmos-
phere,! interstellar space,? and in the environment of low-Earth-orbiting
spacecraft.® The analysis of optical and plasma parameters in these envi-
ronments requires accurate knowledge of relevant charge-transfer cross
sections or rate coefficients and product energy disposal.

In many cases, such as charge-transfer reactions between ions and
atomic species like atomic oxygen or metal atoms, no accurate cross sec-
tion measurements exist over the pertinent translational energy ranges.
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Due to the high complexity of rigorous theories on charge transfer reac-
tions, calculations of heavy-atom systems are not reliable as of yet, leav-
ing geophysicists to speculate on the approximate size of relevant
charge-transfer reaction rate parameters and their respective energy
dependences. The most frequently applied arguments to estimate the rate
parameters of naturally occurring singly charged charge-transfer reac-
tions are energy resonance, Franck—Condon, and Langevin* criteria. The
purpose of this Comment is to clarify the origin of these criteria and to
provide guidance to the reader on the limitations of their applicability.

Integral charge-transfer cross sections at a translational energy, Er,
are given by the simple expression: \

o(Er) = 21| ™ P(b, Er)b db )

where b is the collision impact parameter and P(b,Er) is the charge-
transfer probability. Usually, the electron hops are confined to a narrow
range of interfragment distances, R. If the most probable interfragment
distance, Rey, is at long range, i.e., charge-transfer occurs in a region
where the ion-neutral interaction is weak, the charge-transfer collisions
are well described by straight-line trajectories at hyperthermal energies,
signifying by, = Rep. Equation (1) then reduces to

o(Er) = P(Er)nRer . (2)

In terms of estimating charge-transfer cross sections at collision energies
above 1 eV, Eq. (2) is a good start; however, the problem still requires a
reasonable assessment of P(Er) and Ry, usually not a simple endeavor.

P(Ey) is governed by a combination of two-level nonadiabatic transi-
tion probabilities, p;, which can be grouped into two types of mecha-
nisms: one involving near-parallel states and the other located at an
avoided crossing. These models are based on the principle that if a sys-
tem traverses a region of strong exchange interaction at high velocities
with respect to one or more nuclear coordinates, the adiabatic levels
become broadened according to the uncertainty principle, allowing state
mixing across energy gaps, AE,. This is quantified by the well-known
Massey adiabaticity criterion.’ Models by Demkov,® Rosen-Zener” and
Rapp and Francis® describe charge-transfer probabilities for near parallel
two-level systems. (For convenience we will refer to these as Demkov
systems). According to Demkov systems, a maximum nonadiabatic tran-
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sition probability along a nuclear coordinate, Q;, occurs at a distance,
Op, at which the following condition applies:

2H12(QD) = AE,. 3

AE, is the energy difference between diabatic charge-transfer states, L4
and ‘PZ, which describe the system with charge localized on one or the
other fragment throughout the trajectory, and H;,(Q) is the electronic
coupling between the diabatic charge-transfer states. In atomic models,
an exponential dependence on the only nuclear coordinate, the interfrag-
ment coordinate, R, is assumed:

H,,(R) = Aexp(-aR), )

where A and a are constants, the latter taking only positive values. The
Demkov two-level charge-transfer transition probability, pp, at R = Rp,
the interfragment distance at which Eq. (3) holds, is then given by

TAE, T _ 5)

Pp = [l + exp haR

Equation (5) conveys that a maximum transition probability pp = 0.5 is
attained at high relative velocities corresponding to complete mixing of
diabatic states.

Nonadiabatic transitions at avoided crossings are described by the
well-known Landau—Zener curve-crossing model for linear diabatic
states.>'® At the crossing radius, R;z, the Landau—Zener nonadiabatic
transition probability between adiabatic states, ¥{ and W3, has a sharp
maximum, and is given by

2
Pz = exp|:—27r M} ©)
RQAF
where AF is the difference in slopes of the diabatic potentials with
respect to the nuclear coordinate, Q;. In contrast to the Demkov models,
pLz ranges from O to 1, corresponding to entirely adiabatic and diabatic
traversals of the crossing region, respectively.

Since for most charge-transfer systems the electronic coupling is suf-
ficient to allow charge-transfer at long range, where the ion—neutral
interaction is still very weak, these reactions are inherently accompanied
by small amounts of translational energy transfer, and are therefore lim-
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ited to exothermic systems at near-thermal collision energies. The small
degrees of energy transfer signify that the charge-transfer products have
an internal excitation energy approximately equal to the exothermicity of
the charge-transfer reaction. Consequently, the reactant and product
energy levels will be near-resonant. Aside from these kinematic argu-
ments for energy resonance between reactant and product internal states,
the rapidly increasing charge-transfer probabilities with decreasing
energy gaps as prescribed by the Demkov models also point toward a
preponderance of near-resonant charge-transfer transitions. Demkov
models predict, however, that as the collision energy is increased, prod-
uct states with increasing energy gaps can experience complete mixing,
provided the electronic coupling is significant. Energy resonance argu-
ments are therefore inappropriate at keV collision energies.

Much insight into charge-transfer mechanisms can be gained by study-
ing simple atomic transfer systems which comprise a single nuclear coordi-
nate. Figure 1 illustrates schematically charge-transfer collision trajectories
using the atomic O*(*S) + Xe system as an example. The nearest resonant
charge-transfer states are the OCP) + Xe*(*P,5) products with an exother-
mic energy gap of ~0.17 eV. Two types of trajectories are depicted: a large-
impact parameter, straight-line trajectory and a small impact parameter
trajectory that negotiates the repulsive area of the interatomic interaction
potential (shaded area) which changes with charge-transfer state. The rele-
vant diabatic charge-transfer potentials''? are also shown on the same
scale of the two-dimensional figure, and indicate a curve crossing at R~ 3.6
A which could efficiently promote charge transfer.

Guided-ion-beam measurements by Bastian et al.'? of the collision
energy dependence of the integral charge-transfer cross section for the O+
Xe system are shown in Fig. 2. A sharp increase in charge-transfer cross
section with collision energy is observed. Because above 30 eV the total
cross section exceeds the maximum possible cross section of ~20 A?fora
Landau—Zener mechanism located at the crossing at R = 3.6 A, a Demkov-
type mechanism must be important. This maximum cross section is deter-
mined from Eq. (2) assuming P(Fy) = 0.5. Even though the Laundau—Zener
transition probability, p; 7, ranges from O to 1, the total transition probabil-
ity ranges from 0 to 0.5 because the strong interaction regions, illustrated by
circles Ry 7 and Ry, in Fig. 1, are each encountered twice. The total two-level
probability for a charge-transfer transition, P;, is then given by’

P =2p,(1- p). )
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O(P) + Xe*(*S)
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REPULSIVE POTENTIAL

FIGURE 1 Schematic representation of O* + Xe charge-transfer trajectories. The
interfragment coordinate of the inset charge-transfer potentials (Ref. 11) is drawn on the same
scale as the trajectories. Only the electrostatic long-range potential is shown for the products.
R 7 is the Landau—Zener and Ry, is the estimated Demkov radius.

The figure compares a calculated cross section based on a Demkov
model.' The relatively large discrepancy between experiment and the-
ory demonstrates the difficulty in determining the key quantity, H,(R),
accurately, especially if large atoms are involved. The discrepancy
may also indicate that the Landau—Zener mechanism is an important
contributer to charge-transfer at low collision energies. Bastian et al.'?
could also discern a Xe* rebounding component, which could be attrib-
uted to small impact parameter collisions that sample the repulsive part
of the potential. The scattering analysis demonstrated that the sample
OCP) + Xe*(*P,j,) products are populated as observed in the long-
range collisions, implying that at small impact parameters, charge-
transfer occurs primarily at R;, and short-range nonadiabatic
transitions involving highly inelastic or superelastic channels are

47




I-TlllllllIllll|llll'llll‘lllllllllll!lll'llll
- GIW I
..
o .00’.
E 100 ad -
O C o® b
©0 ®
Ay L . ]
e - o N
x = P -
S = . A
3 S MATIC ET AL.
- - T
o o
w *
7 .
n 1'0? 3
) - -
8 - 7]
x _ + + ]
o C O +Xe >0 +Xe
0‘1 IIIIIIlllIILIIIIJIIIIIIi'IIIIIIIIIIlIIIIIIII
0 10 20 30 40

COLLISION ENERGY (eV, CM)

FIGURE 2 Guided-ion beam (GIB) measurements of the center-of-mass collision
energy dependence of the (O + Xe)* charge-transfer cross section. The solid curve is a
Demkov-model calculation by Matic et al. (Ref. 14).

insignificant. The latter is not surprising since predominantly adiabatic
behavior is expected at R < 3 A.

In singly charged, non-symmetric atomic systems, charge-transfer
energy dependences as shown in Fig. 2 are usually observed. An excep-
tion to this are accidentally resonant systems, such as the O* + H charge-
transfer system.' It is worth noting that in multiply charged systems,
curve crossings can occur at very long-range, yielding very small adia-
batic energy gaps, AE,, so that p;z > 0.5 at near thermal collision ener-
gies. The total charge-transfer probability then decreases with collision
energy at low energies as py z increases toward 1.

The situation becomes more complicated in molecular charge-transfer
systems where additional nuclear degrees of freedom and anisotropy in
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the electronic coupling are introduced. The coupling with respect to
vibrational and angular coordinates can become significant at low ener-
gies. Usually, the vibronic coupling between vibrational charge-transfer
states is described as a product between the pure electronic coupling and
the Franck—Condon overlap, (v’|v”), between reactant and product
vibrational wavefunctions'®:

Hyyr(R) = Hiy(R) (v'0”). ®)

Analytical expressions for vibrational state-to-state cross sections have
been derived and usually take the form'’

Oy = Oo(AE, Ex) (v, )

Equation (9) embodies the energy resonance and Franck—Condon crite-
ria predicting large integral charge-transfer cross sections if the
Franck—Condon factor is significant near resonance. Demkov-based
atomic models for 6o(AE,Ey) correctly predict'® that as the collision
energy is raised the number of off-resonant levels with maximum
eletronic transition probabilities will include entire electronic bands of
Franck—Condon active states, and the product distribution then equals a
Franck—Condon distribution. This behavior has been demonstrated in
ion + H,0 and He* + N, luminescence studies.'®%?

Models given by Eq. (9) have had mixed success in explaining charge-
transfer state-to-state cross sections and the energy dependence thereof
at near-thermal to hyperthermal energies. Unlike atomic systems, many
molecular charge-transfer systems exhibit cross sections that drop with
~E; %3 dependence at collision energies below ~1 eV, similar to predic-
tions of the Langevin* model for ion-molecule reactions. The Langevin
model predicts that reaction cross sections are given by an ion—molecule
capture cross section. The cross section for a pure ion-induced dipole
interaction is then determined to be

_nfa .
oL 2\/_;, (10)

where o is the target molecule polarizability. Although the Langevin
model is not recommended for charge-transfer processes due to the long-
range characteristics, there are many examples of molecular charge-
transfer systems that exhibit near-collisional rate coefficients at thermal
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energies.>?** Consequently, Demkov models based on translational cou-
pling are inappropriate to describe this large class of molecular charge-
transfer reactions because they predict near-zero nonadiabatic transition
probabilities at thermal energies. Demkov models also predict zero prob-
abilities for the case of complex formation, where R s zero.

At collision energies below 1 eV, the velocity with respect fo v1brat10nal
coordinates becomes comparable to or higher than the velocity with respect
to the interfragment coordinate. Vibrationally induced charge- -transfer
transitions can consequently play an important role and explain the high
charge-transfer efficiencies observed at thermal conditions. An example of
a vibrational mechanism in a charge-transfer system (A + BC)” is illus-
trated in Fig. 3. The charge-transfer potentials are drawn with respect to the
BC vibrational coordinate, Q.;. In this example, the zero-point vibrational
motion encounters a crossing seam with the charge-transfer product sur-
face. An enlargement of the crossmg area 1s shown for two mterfragment

= w0 R = RCTTH

FIGURE 3 Schematic representation of a v1brat10na11y medlated charge transfer transition.
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distances: one corresponding to asymptotic conditions and one in the
region of high exchange interaction. It is seen that charge-transfer can
occur adiabatically if the vibrational wave packet encounters the avoided
crossing during the traversal of the strong interaction region. The charge-
transfer cross section is then governed by this probability, which is
expressed to some degree by the Franck—Condon overlap between the
charge-transfer vibrational wavefunctions. Since the probability of
encountering the crossing region is inversely proportional to the interaction
time, a maximum probability occurs in the case of longer-lived intermedi-
ates. Strongly vibrationally coupled systems are therefore expected to
mimic Langevin behavior at near-thermal collision energies.?*

In the following we discuss the caveats of using energy resonance and
Franck-Condon arguments on the example of two charge-transfer reac-
tions involving the upper-atmospheric species, NO:

O*(*S) + NO(X?II,) —» O(*P) + NO*(X'Z*) + 44 eV, (11)

N*(*°P) + NO(X*II,) = N(*S) + NO*(X'S*) + 53eV.  (12)

While the O*(*S) + NO reaction exhibits a very small rate coefficient of less
than 8 x 1072 mol™! cm® s™! at room-temperature thermal conditions,?>26
N*(*P) + NO has a very high rate coefficient of ~6 x 1071® mol™! cm? s
which is ~60% of the Langevin cross section.?’’** Applying energy reso-
nance and Franck—Condon criteria, we find that the O*(*S) + NO(XI1,,
v = 0) reactants are near resonant with O('S) + NO*(X'Z*, v = 0) products
that have substantial Franck—Condon overlap. These conditions are illus-
trated in Fig. 4, which depicts the asymptotic charge-transfer reactant and
accessible product potentials with respect to the NO vibrational coordinate.
The very low rate despite the excellent resonance and Franck—Condon con-
ditions must be explained by poor electronic coupling, which is the result of
the fact that O('S) + NO*(X'Z*) products are spin-forbidden, as is the more
exothermic O('D) + NO*(X'Z*) channel. It is easily seen that the spin-
allowed ground-state products can only be accessed through an extreme
position hop, consistent with the very low observed rate coefficient.
Asymptotic potentials for the efficient N*(*P) + NO charge-transfer sys-
tem are shown in Fig. 5. This system has three open channels, all of which
are spin-allowed. Franck—-Condon arguments suggest very inefficient
charge transfer from the ground vibronic reactant level because all acces-
sible product channels exhibit vanishing Franck—Condon factors near res-
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FIGURE 4 Relevant asymptotic vibrational potentials of the (O + NO)” charge-transfer
system.

onance. The NCP) + NO*(X'Z*) product potential crosses the reactant
potential at approximately v = 4 and is expected to exhibit the strongest
charge-transfer interaction. The crossing, however, represents a large bar-
rier to charge-transfer along this vibrational coordinate. Nevertheless, the
rate coefficient suggests that charge transfer from »” = 0 is very efficient.
Spin-selection rules predict that a maximum of one third of reactants enter-
ing the strong interaction region, those proceeding on a doublet surface,
will form N(P) + NO*(X'=*) products. The 60% Langevin efficiency may
be rationalized by an electron transfer in a region where a strong exchange
interaction induces an avoided crossing with a substantially lower and nar-
rower barrier (see Fig. 3).
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FIGURE 5 Relevant asymptotic vibrational potentials of the (N + NO)* charge-transfer
system.

Another possibility is a shift of the entrance potential with respect to the
product potential as the reactants approach the strong chemical interaction
region governed by the N,O* global minimum of the potential energy sur-
face. This shift could create resonances with the first off-resonant NCP) +
NO*(X'Z*) vibrational levels, v” =4 and 5, that have small but measurable
Franck-Condon factors, as seen in the NO photoelectron spectrum.3'-2 A
preference for off-resonant state-to-state cross sections is observed in
charge-transfer systems where entrance and exit long-range interactions
are significantly different. Exothermic shifts of ~0.2 eV have been
observed in the product vibrational distributions of ion + H,O charge-
transfer systems, where the ion—dipole interaction of the entrance potential
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s dominant.23® Strong deviations from orthodox asymptotic energy gap
model predictions are also expectéd in ion + metal atom systems, such as
O charge transfer to high-polarizability atoms Ba and Sr, the cross sec-
tions for which are unknown and are needed to interpret Ba and Sr space-
release experiments.**** Finally, it must be mentioned that the asymptotic
Franck_Condon factors can change at shorter range, providing an addi-
tional explanation for the efficient N* + NO charge-transfer reaction.

In conclusion, singly charged atomic charge-transfer systems (except
for accidental resonance cases) exhibit increasing cross sections with col-
lision energy which are very difficult to predict. When applying resonance
arguments, it must be kept in mind that AE(Rcy) is the critical energy gap,
not the usually referenced asymptotic value, AE(R = o). In case of weak
spin-orbit coupling, spin-selection rules are very important. Charge-trans-
fer rate coefficients of molecular systems can exhibit hear-Langevin
behavior at low energies if the collision trajectory encounters vibronic res-
onances with substantial Franck—Condon overlap. Examination of the per-
tinent vibronic potentials of the charge-transfer states can prove helpful in
elucidating exceptions to these rules.
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We present low energy collision-induced dissociation (CID) and visible photodissociation (PD) data
of jet-cooled (N,0,H,0/D,0)" cluster ions. The same three fragment ions are observed in both CID
and PD, namely, H,0*/D,0%, N,O", and N,OH*/N,0OD". The H,0"* and N,O" product channels
exhibit a small deuterium isotope effect in both CID (10%) and PD (15%). The N,OH" product
channel, on the other hand, exhibits a much larger deuterium isotope effect for CID (30%) and PD
(230%). The large difference in deuterium isotope effects observed in the N,OH™" product channel
for CID and PD suggests that this product is formed via collision-induced and photoinduced
proton-transfer reactions. These results are consistent with the interpretation that a single isomeric
form, namely a (N,0-H,0)" association complex, predominates. No evidence is found supporting
the existence of a proton-transfer complex, i.e., N;,_OH+ -OH. Evidence for the formation of minor
amounts of a weakly bound isomeric form with the charge localized on the H,O moiety, i.e.,
N,0-H,0%, is found. © 1998 American Institute of Physics. [S0021-9606(98)02622-1]

I. INTRODUCTION

Ionic clusters are present in a wide variety of environ-
ments ranging from the Earth’s atmosphere to interstellar
clouds,'? and as a result, ionic clusters have been the subject
of numerous investigations. Unlike their neutral counter-
parts, the binding energies associated with ionic clusters can
be large, on the order of an electron volt. Given the large
binding energies and the relatively ‘“floppy’’ character of
cluster ions, several isomeric forms could coexist. One such
example was reported by Graul, Kim, and Bowers,* who
suggested that two stable isomeric forms of nitrous oxide—
water cluster ion, namely (N,0-H,0)* and N,OH" -OH, are
formed under thermal conditions.’> Their conclusion was
based on photodissociation (PD) experiments and ab initio
calculations which led the authors to suggest a binding en-
ergy for the (N,0-H,0)* association compiex of 0.6-0.8 eV
and a binding energy for the N,OH'-OH proton-transfer
complex that is 0.5 eV higher. In their PD experiments,
H,0% and N,0" photoproducts were observed at visible
photon energies and were attributed to photodissociation in-
volving a common upper state surface of the (N,0-H,0)*
isomeric form. A N,OH™ product channel was also observed
and was attributed to ground state vibrational predissociation
after initial excitation to a bound upper state of the
N,OH*-OH isomeric form.

In a more recent series of experiments conducted in this
laboratory by Bastian et al.,® collision-induced dissociation
(CID) thresholds for the nitrous oxide—water cluster ion con-
firmed the existence of the (N,O-H,0) association com-
plex. The difference between the extracted threshold energies
for the N,O* and H,O" products was determined, and a

“Authors to whom correspondence should be addressed.
P'Under contract to Orion International Technologies. Albuquerque, NM.
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value of 0.39+0.13 eV was reported. This value agrees,
within the experimental error, with the thermochemical pre-
dictions of 0.27+0.01 eV for the energy difference of the
N,O*+H,0 and the N,0+H,0% asymptotic limits. The
measured CID threshold energy of 1.32+0.10 eV for the
N,OH" product is 0.28%0.12 eV higher than the H,0" on-
set. This threshold as well is in agreement with the thermo-
chemical prediction of 0.19£0.20 eV for the energy differ-
ence of the N,OH*+OH and the N,O+H,0" asymptotic
limits. Therefore, contrary to the previous PD studies, the
CID thresholds can just as well be rationalized on the basis
of a single isomeric form, namely, the (N,0-H,0)* associa-
tion complex.

The work of Bastian et al. also compared measurements
of cluster ions prepared in a thermal source to those prepared
in a supersonic jet source. In general, the CID thresholds
derived from the thermal source data agreed well with the
supersonic jet source data with the exception of a weak, low
energy threshold signal in the H,O" channel. It was postu-
lated that a N,O-H,0" complex trapped in a shallow poten-
tial well outside of the charge-transfer region was respon-
sible for the low energy signal. No differences in the product
branching ratios were observed at energies above threshold
between the two experiments which was interpreted as a lack
of evidence for the proton-transter complex N,OH*-OH.
This conclusion was based on the reasonable assumption that
since the association complex. (N,O-H,0)", and the proton-
transfer complex, N-OH"-OH, have different binding ener-
gies, differences in their relative abundance, hence product
branching ratios, would be expected in separate experiments
where the cluster ions are produced under cither thermal
equilibrium or nonequilibrium conditions.

© 1998 American Institute of Physics
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The supposition that a single isomeric form of the ni-
trous oxide—water cluster ion, namely (N,0-H,0)", is ca-
pable of explaining all observed fragmentation channels sig-
nifies that N;OH" products are formed in collision-induced
and photoinduced proton-transfer reactions.. A straightfor-
ward way of confirming this interpretation is to compare the
absolute cross sections and product branching ratios of the
(N,O,H,0)" and (N,0,D,0)" isotopomers in both CID and
PD. This statement follows from the fact that when a hydro-
gen or deuterium bond is broken in a rate-controlling step,
the cross section for the reaction of the hydrogen compound,
oy, exceeds the cross section for the same reaction of the
corresponding deuterium compound, op .7 Consequently, the
ratio of the absolute cross sections oy /op, for the two isoto-
pomers_should be greater than unity if a proton-transfer re-
action i§ responsible for the production of N,OH*, as ob-
served .in  numerous proton- and hydrogen atom-transfer
reactio’hs.ST12 Furthermore, since CID and PD involve differ-
ent potential energy surfaces, substantial differences in the
deuterium isotope effect between the two methods is ex-
pected. - - .

In the present work, CID and PD experiments are used
to investigate the isomeric structure of (N,O,H,0/D,0)"
cluster ions prepared in a supersonic jet, electron-impact
source. Particular attention is paid to recoriciling whether the
proton-transfer complex N,OD"-OH/OD and metastable
N,0-H,0*/D,0" complexes are formed. In Sec. II, we dis-
cuss the pertinent experimental details. In Sec. IIL, CID and
PD data of the nitrous oxide—water cluster ion are presented.
We have conducted a detailed study of discrimination effects
in PD measurements in our apparatus, and the data are dis-
cussed in the context of these findings in Sec IIL. The results
are discussed in Sec. IV, and we present the conclusions of
our findings in Sec. V. ’

il. EXPERIMENT
A. Supersonic jet source GIB apparatus

Cold cluster ions are produced in a pulsed, supersonic
expansion source and are interrogated using a guided-ion
beam apparatus described pre:viously.ﬁ'l3 In brief, the source
gas backing pressure is approximately 4 bar, and the expan-
sion gas consists of neat N,O bubbled through deionized
water having undergone at least three freeze—pump—thaw
cycles. For the D,O studies, the deuterium oxide-d2 purity is
99.8% D (Kor Isotopes, Inc.), and all source components in
contact with liquid H,O are thoroughly rinsed with D,O. The
resulting gas mixture, either N,O/H,O or N,O/D,0, is ex-
panded through a 0.5 mm diameter orifice in a translatable
nozzle (General Valve) operating at 30 Hz with a pulse du-
ration of approximately 150 us (FWHM). The gas pulse is
crossed by a 50 eV magnetically confined electron beam to
generate seed ions for cluster formation which is thought to
occur early in the expansion via termolecular association re-
actions. The experimental conditions are carefully matched
for experiments using D,O to those of H,0 so that any dif-
ferences exhibited in the CID and PD studies are unlikely to
be attributable to differences in source conditions.

The ions are extracted through a 2 mm skimmer using a
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10 V/em electric field into a differentially pumped chamber
containing a dc quadrupole bender and associated electro-
static ion lenses. The deflected ion beam is accelerated into a
Wien velocity filter assembly for mass selection. The mass-
selected cluster ion beam is decelerated and injected into a
system of two octopole ion guides in tandem with lengths of
7.3 and 16.7 cm, respectively. The last 3.5 cm of the first
octopole is encompassed by a collision cell which can be
filled with a target gas for scattering experiments. Ions are
extracted from the second octopole with a thin electrostatic
lens stack and focused into a quadrupole mass filter. The
filtered ions emerging from the quadrupole are deflected onto
a multichannel plate, and the signal is processed using stan-
dard counting electronics.

The cluster ion beam purity and intensity depend on the
distance between the nozzle orifice and the electron beam,
the ion extraction field, and the N,O backing pressure. In
experiments using HyO, less than 2% of the cluster ions are
protonated, i.e., (NZO,H3O)+. Less than 0.05% of the cluster
jons are metastable and undergo spontaneous dissociation to
produce H,O" and N,O" during transit between the Wien
filter and the ion detector. In the case of the D,O experi-
ments, the cluster ion beam consists of approximately 89%
(N,0,D,0)* and 10% (N,O,HOD)" with the deuterated

 cluster ions, (N,0,D;0)* and (N,0,HOD,)", making up the

remaining 1%. Flushing the ion source supply lines and res-
ervoir with D,0 decreased the fraction of (N,O,HOD)" until
the 10% level was obtained. Further D,O rinses, however,
had little effect on the fraction of (N,O,HOD)" produced.
The presence of a small amount of (N20,HOD)Jr does not
preclude the accurate determination of CID and PD cross
sections (see Sec. III). Less than 0.05% of the (N,0,D,0)*
cluster ions undergo spontaneous dissociation.

B. Collision-induced dissociation (CID) measurements

The cluster ion kinetic energy in the collision cell is
controlled by varying the dc voltage on the first octopole and
collision cell with respect to the ion source. The resulting
primary ion energy and energy distribution are measured us-
ing the octopole as a retarding field analyzer. The axial en-
ergy distribution of the primary jon beam is found to be
nearly Gaussian with a FWHM of 0.25 eV. The dc bias po-
tential of the second octopole is set 0.2 to 0.4 V lower than
the first octopole to minimize the effect of surface potential
barriers on the collection of low kinetic energy product ions.
Laboratory frame Kinetic energies are converted to center-of-
mass (CM) kinetic energies using the stationary target ap-
proximation, Ecy= E\-m/(m+M), where m and M are
the masses of the neutral target and primary ion, respec-
tively.

A mass spectrum of the primary and product ions is
obtained at each collision energy and is converted to an ab-
solute integral reaction cross section by

_ [pmd._/ ( 1)
(Iprim+ Ej’pmd,j)nl ’

where 7y, is the primary cluster ion signal, n is the number
density of the target neutral, /4 ; is the ion signal of prod-
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uct i, and [ is the effective length of the collision cell. Equa-
tion (1) is valid for cross sections measured under single
collision conditions. In the present experiments, no pressure
dependence was observed for any of the CID cross sections
for argon gas pressures below 0.35 mTorr, and typical argon
gas operating pressures were 0.25 mTorr. The absolute accu-
racy of the integral cross sections is estimated to be =30%.
The relative error between the (N,0,H,0)* and (N,0,D,0)*
cluster measurements is less than *+10%.

C. Photodissociation (PD) measurements

Excitation is provided by a Nd:YAG pumped, broadband
optical parametric oscillator (OPO) laser system (Quanta
Ray GCR-170 and MOPO-710) operated over the wave-
length range of 450-660 nm (signal) with an average band-
width over this range of approximately 10 cm™! (1 meV) and
a temporal pulse width of approximately 7 ns. The output of
the OPO passes through a series of apertures and a reducing
telescope to produce a beam collimated over approximately
2 m with a minimum beam waist of 1.75 mm. The laser
beam and ion beam propagate collinearly down the octopole
axis. The minimum beam waist of the laser beam is located
at the midpoint of the first octopole. The laser energy is
attenuated with neutral density filters to obtain output ener-
gies in the 0.2 to 0.7 mJ/pulse range. The photofragment
yield over this energy range is observed to be linear with a
zero intercept which indicates that the photofragments are
produced by single-photon processes. A variable delay gen-
erator (SRS DG 535), triggered by the TTL output of the
pulsed valve driver (General Dynamics IOTA one), triggers
the flashlamps of the Nd:YAG laser and a symmetric pulse
forming network used to gate the primary ion beam (20 us
FWHM). The Q-switch of the Nd:YAG laser is internally
triggered, and the delay generator is set so that the laser pulse
intercepts the gated ion beam at the midpoint of the first
octopole.

Photodissociation action spectra are obtained by record-
ing the primary cluster ion signal, the secondary ion signals,
and the laser power while scanning the OPO wavelength.
The cross section for one-photon dissociation into photofrag-
ment { is given by

Ipmd,i/di

, 2
(Clprim+ Ejlprod.j /dj)(l)

a;=

where I, and I, ; are as defined previously, d; is the
fractional collection efficiency of product i, and ¢ is the
fraction of the primary cluster ions exposed to the time inte-
grated photon flux ®. For primary beam energies from 1.5 to
4 eV, the 20 us primary ion time profile corresponds to a
spatial profile ranging from 4 to 7 cm, respectively. Under
these conditions all of the primary ions are in the first octo-
pole during the laser pulse. A fraction of the ions along the
radial direction lie outside of the laser beam, however, and it
is these ions for which the ¢ factor provides a correction in
Eq. (2).

The fraction of primary ions exposed to the time inte-
grated photon flux @ is evaluated using two-dimensional ion
trajectory calculations.'" The transverse cnergy distribution
of the primary ion beam is determined using a radio fre-
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FIG. 1. (a) Average ion probability density, dn/dr, for m/q=62, 0.07 eV
transverse kinetic energy ions as a function of radial position (solid line) and
integrated Gaussian beam radial profile of 1.75 mm FWHM (dashed line).
The vertical line shows the radial position of the 2.5 mm diameter injection
lens aperture. (b) Cross section correction, ¢, versus FWHM of laser beam
for the average ion probability density shown in (a) when the laser power is
measured at the exit port of the chamber.

quency amplitude analysis in which the primary beam trans-
mission is measured as a function of octopole rf voltage.'
The average transverse kinetic energy is approximately 0.07
eV, and this value is used in the calculations. The solid line
of Fig. 1(a) shows the average ion probability density,
dnldr, for m/z=62 versus radial position.l6 The vertical
line shows the position of the 2.5 mm diam injection lens
aperture, and the dashed line is the intensity profile for a
Gaussian laser beam of 1.75 mm FWHM integrated over the
area element rdrd@. If the laser power is measured at the exit
port of the chamber, Fig. 1(b) shows the dependence of the
laser FWHM and injection lens aperture on the correction
factor ¢. Laser beams with FWHM larger than the injection
aperture interact more strongly with a larger number of ions
but are clipped extensively along the ion beam axis produc-
ing stray ions at the detector. Laser beam diameters of 1.5 to
2 mm are used in this study, because beams of this size
propagate through the chamber with minimal clipping and
interact with a large fraction, approximately 47%, of the pri-
mary ions. Because of the many assumptions made to calcu-
late ¢, the integrated PD cross sections are associated with
substantial uncertainties. The estimated error is *50%
for the absolute cross sections and *20% for the relative
measurements.
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FIG. 2. (a) Center-of-mass collision energy dependence of cross sections for
the production of the N,O* fragments formed in the CID of (N,O,H,0)*
(circles) with Ar and (N,0,D,0)" (squares) with Ar. The solid lines are
calculated CID curves using the parameters listed in Table II, Ref. 6
(Eo=1.39 eV, n=1.83). (b) Cross sections for the production of the N;OH*
fragment formed in the CID of (N,0,H,0)" (circles) and the N,OD*
fragment formed in the CID of (N;0,D,0)* (squares) with Ar. The solid
lines are calculated CID curves using the parameters listed in Table II, Ref.
6 (Eg=1.32eV, n=133).

ili. RESULTS
A. Collision-induced dissociation (CID) experiments

The fragment ions produced in low energy CID of
(N,0,H,0)* with Ar are H,0", N;O*, and N;OH™ as pre-

(N,0,H,0)" A H,0" +N,0 (N,0,0,0) A D,0" +N,0
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FIG. 3. (a) Center-of-mass collision energy dependence of cross sections
and generated dissociation threshold curves for the H,0O" fragment (a) and
D,0* fragment (b) formed in the CID of (N,O,H,0)* and (N,0.D,0)*
with Ar, respectively. The dissociation threshold curves in (a) and (b) are
generated using the thermal source parameters listed in Table II, Ref. 6
(Ey=1.06¢eV, n=1.34) and a low energy threshold of E,=0eV, n=2
(dashed line).
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viously reported.6 Similarly, the fragment ions observed in
the CID of (N,0,D,0)* cluster ions with Ar are D,0",
N,O*, and N,OD". Figures 2 and 3 show the cross sections
for the N,O*, N,OH*/N,OD*, and H,0"/D,0" fragments
formed in the argon CID studies as a function of center-of-
mass collision energy. The H,O" and N,O" fragmentation
channels exhibit a small deuterium isotope effect (10%)
while a significantly larger isotope effect (30%) is observed
for the N,OH" fragmentation channel. The data shown in
Figs. 2 and 3 have been corrected for the small metastable
dissociation and chamber background gas contribution to the
observed cross sections by subtracting a background scan
from the raw data. High resolution mass scans show that the
10% of (N20,HOD)+ present in the (NZO,D20)+ CID ex-
periments produces HOD™ and N,OH" with cross sections
approximately equal to those for the equivalent fragmenta-
tion channels of the (N,O,H,0)" cluster ion. Note that the
cross section for the N,OH" fragmentation channel for clus-
ters with HOD is half that for clusters with H,O as expected
statistically. We are unable to determine conclusively
whether N,O" and N,0D* are produced in the CID of
(N,O,HOD)*. We make the reasonable assumption, how-
ever, that the cross section for the production of N,O* from
(N,O,HOD)™ is the same as that from (N,0,D,0)", and that
the cross section for the production of N,OD* from
(N,O,HOD)* is one half that from (N,0,D,0)". These as-
sumptions lead to approximately a 10% and a 5% reduction
in the observed N,OT and N,OD" cross sections, respec-
tively. The assumptions made in these corrections are ratio-
nalized by the relatively small differences in the CID cross
sections of the different isotopomers.

The solid lines in Figs. 2 and 3 are calculated dissocia-
tion threshold curves obtained using the modified line-of-
centers functional form!’™! convoluted with the experimen-
tal kinetic energy distribution.’ The parameters used in the
modified line-of-centers model for the (N,O,H,0)" cluster
ion experiments are given in Table II of Ref. 6. Isotope shifts
in the dissociation thresholds for the (N,0,D,0)™ cluster ion
have been calculated to be in the 0.01 to 0.06 eV range and
result primarily from the differences in the zero point ener-
gies of the reactants and products.20 Energy shifts of this
magnitude are difficult to distinguish in these data where a
fitting accuracy of 0.15 eV determined by the signal-to-noise
ratio is realized. For this reason, the threshold energy, Ej,
and curvature, n, parameters used to generate the
(N,0,D,0)* cluster ion dissociation threshold curves are the
same as those used to generate the ( N,O,H,0)* cluster ion

* dissociation threshold curves. The scaling parameter, oy, is

adjusted for each data set to give the best agreement. In a
previous pub]ication,6 we noted that the threshold model pa-
rameters determined from completely thermalized cluster
jons failed to reproduce the H,O" cross sections of the jet
source experiments and that a second threshold function
needed to be added to properly reproduce the jet source CID
curves. The results of the combined model are shown in Fig.
3 which demonstrates that the two threshold model is neces-
sary to explain the cross sections for the D,O* fragmentation
channel [Fig. 3(b)] as well.
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FIG. 4. (a) Photodissociation cross sections of (N,O,H,0)* cluster ions as a
function photon energy. (b) Photodissociation branching ratios as a function
of photon energy. In both (a) and (b), the H,O" photoproduct channel is
denoted by circles, the N,O* photoproduct channel is denoted by squares,
and the N,OH" photoproduct channel is denoted by triangles.

B. Photodissociation (PD) experiments

The photofragment ions formed when irradiating
(N,0,H,0)* and (N,0,D,0)* cluster ions with visible light
are the same as those produced in low-energy CID. Figs. 4(a)
and 5(a) show the absolute PD cross sections for the forma-
tion of these products between 15 151 and 22 222 cm™!
(660 to 450 nm), and Figs. 4(b) and 5(b) show the same data
represented as branching ratios. As in the CID experiments,
the N,O" and N,OD™ cross sections of Fig. 5(a) have been
reduced by approximately 10% and 5%, respectively, to cor-
rect for the presence of (N,O,HOD)" in the (N,0,D,0)*
experiments.

The cross sections for the N,O" and N;OH" photoprod-
uct channels are essentially the same as previously reported
by our laboratory.® However, the cross sections for the H,0*
photoproduct channel are two times those reported previ-
ously by our laboratory® and three times those reported by
Graul et al.* The amount of H,O" collected in the experi-
ments of Graul efral is calculated from their reported
branching ratios, approximately 0.35 for H,0", with the as-
sumption that there was no discrimination of the other pho-
toproduct channels. By varying the extraction lens aperture
sizes and voltages, we confirmed that the larger H,O™ cross
sections, in comparison to the previous work of this labora-
tory, are due to an improved extraction lens assembly. The
extraction losses are due to the fact that the H,O" photoprod-
uct ion can exit the second octopole with transverse veloci-
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FIG. 5. (a) Photodissociation cross sections of (N,0,D,0)" cluster ions as a
function photon energy. (b) Photodissociation branching ratios as a function
of energy. In both (a) and (b), the D,O" photoproduct channel is denoted by
circles, the N,O* photoproduct channel is denoted by squares, and the
N,OD™ photoproduct channel is denoted by triangles.

ties of several thousand meters per second. By performing
radio frequency amplitude scans, it is determined that the
H,0* product ion is collected at 97% efficiency at
15151 cm™! (660 nm) and 74% efficiency at 22 222 cm™!
(450 nm) with an approximately linear decrease in collection
efficiency between these two extremes.” The N,O* and
N,OH™ products are collected with 100% efficiency over the
entire energy range. The cross section and branching ratio
data of Figs. 4 and 5 have been corrected for discrimination.
The correction for the D,0" photoproduct channel is calcu-
lated from the H,O" data taking into consideration the in-
creased mass on the instrument function and with the as-
sumption that the kinetic energy release distribution as a
function of photon energy is the same for H,0% and
D,0".*!% The net result is that the H,0" and D,O" ions are
now observed to be the major photoproducts contrary to pre-
vious observations.

In general, the photodissociation action spectra and
branching ratios are very similar for both isotopomers. The
most pronounced feature in Figs. 4 and 5 is the marked dif-
ference in the PD cross sections of the N,OH" and the
N,OD™" photoproducts. The comparison in the photodisso-
ciation action specra is made clear in Fig. 6 where the ratio
of the PD cross sections, oy/oy, for each photoproduct
channel are shown over the energy range form 15151 to
22222 cm™! (660 to 450 nm). Whereas the average cross
sections for the water ions and nitrous oxide ions are within
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(N,0,H,0)*/0(N,0,D;0)", for all photodissociation fragmentation chan-
nels as a function of photon energy. In the figure, the H,0"/D,0* photo-
product channel ratio (1.16 average) is denoted by open circles, the N,0*
photoproduct channel ratio (0.89 average) is denoted by squares, and the
N,OH*/N,OD* photoproduct channel ratio (3.3 average) is denoted by tri-
angles.

16% for the two isotopomers over this range, the N,OH*
average cross sections are approximately 230% larger than
those for the formation of N,OD™. This cross section differ-
ence is clearly outside of the relative error limits of the ex-
periment, and this isotope effect is substantially higher than
that observed in CID.

IV. DISCUSSION

The H,0" and N,0O" fragmentation channels exhibit a
small isotope effect of approximately 10% in the CID stud-
ies. The N20H+ fragmentation channel, on the other hand,
exhibits a larger isotope effect of approximately 30%
(og/op=1.3). With regard to PD, the photodissociation ac-
tion spectra of the H,O" and N,O" fragments are very simi-
lar in both shape and intensity for both isotopomers. The
most significant isotope effect observed in this study, 230%
(oy/op=3.3), is observed in the N,OH™" photoproduct
channel. Since N,O is coexpanded with H,O in a supersonic
jet crossed by an electron beam, the observation of a N,0H*
fragment must be proceeded by a proton-transfer reaction in
both CID and PD. This conclusion is supported by the fact
that the deuterium isotope effect for this product channel is
significantly greater than unity.”"'? The proton-transfer reac-

tion can either occur during the cluster ion formation in the

source region whereby the reaction products are incorporated
into a proton-transfer complex, as suggested by Graul et al.,
or the proton transfer occurs in the octopole ion guide signi-
fying that the reaction is either collision-induced or photoin-
duced, as suggested by Bastian et al.

In the first case, the cluster ion formation dynamics re-

sults in different isomeric production ratios of

(N,0-H,0)*/N,OH"-OH and (N,0-D,0)*/N,0OD"-OD.
This isotope effect is a combination of both primary and
secondary isotope effects and merely represents the different
population of two isomeric forms for each isotopomer. The
isotope effect exhibited in the subsequent dissociation reac-
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tions would be entirely secondary in nature. Given the small
secondary isotope effects observed in the H,0" and N,O*
product channels, this scenario suggests that very similar iso-
tope effects would be observed in the CID and PD N,OH*
fragmentation channels if no isomerization occurs following
a collision or the absorption of a photon. The large differ-
ences in isotope effects observed in the CID and PD studies
contradict this scenario and lead to the conclusion that a
large fraction of the N,OH™ yield cannot be attributed to
collision-induced or photoinduced dissociation of a
N,OH"-OH isomeric form. Substantial differences in the
primary and secondary deuterium isotope effects between the
two experimental methods, on the other hand, are consistent
with the second case. This statement follows from the fact
that the proton-transfer dynamics in CID and PD involve
different potential energy surfaces as well as different areas
of common surfaces. Therefore, the observed deuterium iso-
tope effects invoke the interpretation that N,OH™ products
are primarily formed in collision-induced and photoinduced
proton-transfer reactions. This conclusion is confirmed by
recent ab initio calculations by Stevens and Morokuma?!
which determine that the N;OH™ -OH isomer is significantly
more energetic than the (N,0-H,0)" isomer and that the
N,OH*-OH isomer may represent a focal minimum on the
global potential energy surface.

The observed dissociation dynamics are thus primarily
associated with a (N,0-H,0)* complex.” Evidence for an
additional structure is represented by the previously
reported6 weak, low-energy threshold behavior in the H,0"
fragmentation channel and confirmed in this work for both
isotopomers. This effect is not observed in thermal source
experiments.6 Unrelaxed vibrational excitation in the super-
sonic jet source does not appear to be a plausible explanation
for the low-energy signal since vibrational energy would be
expected to affect the N;O™ and N,OH*/N,OD™ thresholds
as well. The N,O™, and N,OH*/N,0D* CID curves shown
in Fig. 2, however, agree well with the threshold function
determined in the thermal source experiment of Ref. 6.
Whereas almost complete charge-sharing is determined from
ab initio calculations by Stevens and Morokuma?' for the
(N,O-H,0)" structure, the calculations also identify a local
minimum attributable to a weakly bound, hydrogen bonded
form of the cluster with the charge localized on the water
moiety. Such a metastable cluster ion or one similar to it is
likely to be responsible for the low energy threshold signal
observed in the H,O" and D,0" fragmentation channels.

V. CONCLUSIONS

In the present work we demonstrate that the combination
of CID and PD experiments provide an excellent means of
elucidating the isomeric structure of cluster ions. Isotope ef-
fects in the low energy CID and PD of jet-cooled
(N,O-H,0/D,0)" cluster ions have been evaluated. The
same three ionic products are formed in both CID and PD,
namely, H,0*/D,0*, N;O*, and N,OH"/N,OD". The
H,O* and N,O™ product channels exhibit a small deuterium
isotope effect in both CID (10%) and PD (15%). The N,OH™
product channel, on the other hand, exhibits a much larger
isotope effect for CID (30%) and PD (230%). The large dif-
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ference in the deuterium isotope effect observed for N,OH™
fragments in CID and PD suggests that these products are
formed in collision-induced and photoinduced proton-
transfer reactions. These results are consistent with the inter-
pretation that a single isomeric form of the nitrous oxide—
water cluster ion, namely (N,0-H,0)* and (N,0-D,0), is
primarily responsible for the observed fragment ion yields
when formed in a supersonic jet expansion. As for the
(N,0,H,0)" isotopomer, evidence for a weakly bound iso-
meric form of the (N,0,D,0)* cluster ion, namely
N,0-D,07, was observed. All the data for both isotopomers
can be explained without invoking the formation of a proton-
transfer complex, ie., N;JOH*-OH and N,OD*-OD. Our
conclusion that this isomeric form is not produced to a sig-
nificant degree is supported by recent ab initio calculations
by Stevens and Morokuma.?!

Photodissociation cross sections presented here for the
H,0" photoproduct are significantly larger than those re-
ported previously. We attribute the difference to discrimina-
tion in the previous studies.*S The amount of discrimination
was determined by performing radiofrequency amplitude
scans. The details of this approach as well as methods en-
abling the determination of photoproduct kinetic energy and
angular distributions in octopole ion guides will be discussed
in a future publication."

ACKNOWLEDGMENTS

The authors are grateful to Jon Stevens and Keiji Moro-
kuma for communicating their theoretical results prior to
publication and for helpful discussions, Susan T. Graul for
suggesting the isotope study, and Edmond Murad for helpful
discussions. This work was supported by AFOSR under Task
2303EP2. Y.-H. Chiu is an NRC postdoctoral fellow.

'E. E. Ferguson, F. C. Fehsenfeld, and D. L. Albritton, in Gas Phase Ion
Chemistry, Vol. 1, edited by M. T. Bowers (Academic, New York, 1979),
pp. 45-82.

2D. Smith and N. G. Adams, Top. Curr. Chem. 89, 1 (1980).

3W. W. Duley, Astrophys. J. 471, L57 (1996).

4S. T. Graul, H.-S. Kim, and M. T. Bowers, Int. J. Mass Spectrom. lon
Processes 117, 507 (1992).

Williams et al. 9389

In what follows, (N,0,H,0)* refers to all isomeric forms of the nitrous
oxide—water cluster ion, (N,0-H,0)* refers to the nitrous oxide—water
association complex, N,OH*-OH refers to the nitrous oxide—water
proton-transfer complex, and N,O-H,0™ refers to a weakly bound form of
the nitrous oxide—water cluster ion with the charge localized on the water
moiety. The same nomenclature is applicable to the deuterated isoto-
pomers.

SM. J. Bastian, R. A. Dressler, D. J. Levandier, and E. Murad, J. Chem.
Phys. 106, 9570 (1997).

’F. H. Westheimer, Chem. Rev. 61, 265 (1961).

8W. Tumas, R. F. Foster, M. J. Pellerite, and J. 1. Brauman, J. Am. Chem.
Soc. 109, 961 (1987).

°G. Laguzzi, T. H. Osterheld, and J. I. Brauman, J. Phys. Chem. 98, 5931
(1994).

'°D. J. Levandier, R. A. Dressler, and E. Murad, Chem. Phys. Lett. 251, 174
(1996).

C. E. Johnson, K. A. Sannes, and J. I. Brauman, J. Phys. Chem. 100, 8827
(1996).

'2E. M. Snyder and A. W. Castleman, Jr., J. Chem. Phys. 107, 744 (1997).

3R. A. Dressler, R. H. Salter, and E. Murad, J. Chem. Phys, 99, 1159
(1993).

4D, A. Dahl,, siMioN 6.0 ed. (Idaho National Engineering Laboratory, Idaho
Falls, 1995).

155, Williams, Y.-H. Chiu, R. A. Dressler, D. J. Levandier, and E. Murad (in
preparation, 1998).

15The average ion probability density is calculated assuming that the ion
beam radial profile is Gaussian and that the injection aperture diameter is
less than the FWHM of the ion beam. In this case, the injected radial ion
distribution is approximately proportional to the radial displacement from
the ion beam axis. Trajectories were run for 4 initial radial positions (all
less than the injection lens aperture radius) with 12 starting angles at each
position, and each trajectory included a minimum of six reflections to
ensure statistically significant sampling.

7R. H. Schultz, K. C. Crellin, and P. B. Armentrout, J. Am. Chem. Soc.
113, 8590 (1991).

8 A. Khan, D. E. Clemmer, R. H. Schultz, and P. B. Armentrout, J. Phys.
Chem. 97, 7978 (1993).

19p_B. Armentrout, in Advances in Gas Phase lon Chemistry, Vol. 1, edited
by N. G. Adams and L. M. Babcock (JAI, Greenwich, 1992), pp. 83.

2 Calculations were performed at the UB3LYP/6-31G(d) level using GAUSS-
IAN 94, Revision D1 by M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M.
W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A.
Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G.
Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A.
Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W.
Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox,
J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C.
Gonzalez, and J. A. Pople (Gaussian, Inc., Pittsburgh PA, 1995).

21}, Stevens and K. J. Morokuma (personal communication, 1997).




JOURNAL OF CHEMICAL PHYSICS

VOLUME 109, NUMBER 13

1 OCTOBER 1998

Collision energy dependence and product recoil velocity analysis
of 07(*S)+C,H, charge-transfer and chemical reaction channels

Yu-hui Chiu, Rainer A. Dressler, Dale J. Levandier,® Skip Williams,® and Edmond Murad
Air Force Research Laboratory/VSBM, 29 Randolph Road, Hanscom Air Force Base,
Massachusetts 01731-3010

(Received 28 April 1998; accepted 29 June 1998)

Guided-ion beam cross section and product ion time-of-flight (TOF) measurements are presented for
the O (%) + C,H, reaction over the center-of-mass collision energy range of 0.05-18 eV. Despite
a large number of exothermic channels, the total reaction cross section at low energies is more than
two orders of magnitude smaller than the capture cross section. A common energy onset for
charge-transfer, CH*, and COH*/HCO™ products is observed at 1.70*0.10 eV, above which the
total cross section for these channels rapidly rises with energy, eventually exceeding 5 A% Above
4 eV, the C,H™ and CO* products also become significant, and weaker channels producing C*, C;,
and CH,O" are also identified. The C,H™ fragment is interpreted as being primarily a dissociative
charge transfer (CT) channel at collision energies above ~3.79 eV, while the threshold for forming
CO™ can be associated with a CO*+H+CH channel. The TOF measurements demonstrate that
efficient C,H; A state formation occurs above ~2.7 eV. The onset at 1.70%0.10 eV is attributed
to a transition state associated with an excited quartet hypersurface. © 1998 American Institute of

Physics. [S0021-9606(98)02237-5]

I. INTRODUCTION

The study of gas-phase ion—molecule reactivity over a
wide range of collision energies has provided valuable in-
sight into chemical reaction dynamics. In particular, the
guided-ion beam (GIB) technique' coupled with product re-
coil time-of-flight (TOF) analysis® has allowed accurate as-
sessment of the competition between direct and complex-
mediated dynamics as the translational energy is varied. In
recent years, the detailed dynamics of ion chemistry involv-
ing small polyatomic organic molecules has attracted consid-
erable interest. Organic ion—molecule collision complexes
usually have multiple deep potential wells associated with
covalently bound organic molecular ions. In some reactions,
these intermediates strongly affect the dynamics, particularly
at low collision energies, in others there is no evidence that
the stable intermediates have any bearing on the outcome of
the reaction throughout the investigated collision energy
range.

Recent experiments indicate that the degree of coupling
to the charge-transfer surface may be a determining factor on
the role of stable intermediates. In reaction systems such as
C,H; +CH, and C* +C,Hg, where charge-transfer is an en-
dothermic process, guided-ion beam or crossed-beam experi-
ments have demonstrated that longer-lived complexes are
important at low collision energies and that products associ-
ated with the dissociation of covalently bound intermediates
are observed.>* In the reactions of C2H;r +ND; and
C,H; +CH;0H, however, charge transfer is exothermic and
only charge transfer and simple hydrogen atom, proton or
hydride ion transfer products, formed primarily in direct

90rion International Technologies, Inc., Albuquerque, NM 87110.
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long-range encounters, are observed in the collision energy
range (~0.1-5 eV).5¢

In light of these arguments, the O*(%S) + C,H, reaction
may represent an interesting intermediate case. This reaction
has two exothermic charge-transfer channels (CT1 and CT2)
and a large number of near thermoneutral and exothermic
reaction channels with the following energetics (298 K):"10

07 (*S)+CHy('E;)

—C,H; (*I1,)+O(3P)+2.18 eV, (CT1)
—C,HS (?I1,)+0('D)+0.22 eV, (CT2)
—CH*CIT)+OH(I) +0.56 eV, (1)
—CHY(IZ*)+HCO(?A")+1.27 eV, (2a)
—CH*(’ITI)+HCO(*A")—0.12 eV, (2b)
—COH*('3")+CH(II)+2.38 eV, (3a)
—COH('3")+CH*37)+1.66 eV, (3b)
—HCOT('3")+CH(I)+3.78 eV, (4a)
—HCO™(!Z")+CH(*S7)+3.05 eV, (4b)
—CO*(2H)+CH,(’2 ;) +1.64 eV, (5)
—CH; (?A|)+CO('3*)+5.36 eV, (6)
—CT(*P)+H,CO('A,)+0.96 eV, (7a)
—CT(2P)+H,CO(A,)—2.137 eV, (7b)
—C5(*3;)+H0('A;)+0.338 eV, (8)
—H,CO"(?B)+C(*P)+1.367 eV, (9a)
—HCOHT+C(*P)+1.145 eV. (9b)

© 1998 American Institute of Physics




J. Chem. Phys., Vol. 109, No. 13, 1 October 1998

Although the exothermicities suggest that the charge transfer
channels (CT1) and (CT2) and the H™ transfer reaction (1)
are dominant and thus could obscure dynamics attributable
to short-range interactions, this is not necessarily the case
because both exothermic charge—transfer surfaces are antici-
pated to be very poorly coupled to the reactants at long range
due to negligible Franck—Condon factors in (CT1) and a
spin-forbidden electronic transition in (CT2). Similar to the
O*(*S)+HCN system studied in our laboratory,11 where
charge-transfer is essentially thermoneutral, competition be-
tween charge transfer and the chemically reactive channels
(1)-(9) may be expected.

Apart from the interesting chemical kinetic aspects of
this reaction, we are also motivated by a continued effort to
investigate the important hyperthermal ion—molecule reac-
tions that occur in the spacecraft environment.'>!* At an al-
titude of ~300 km, where spacecraft in low-Earth orbit
travel at an orbital velocity of ~7.8 km/s, the O*(4S) ions
are the dominant ionic species in the atmosphere. These
atomic ions interact with engine exhaust molecules such as
HCN and C,H,"*!> producing molecular ions that either un-
dergo secondary or dissociative recombination reactions.
Dissociative recombination reactions are the source of iono-
spheric holes and optical radiation.'®

In this work, we present GIB cross section measure-
ments for the O*(*S)+C,H, reaction over the collision en-
ergy range of 0.05-18 eV. The integral cross sections of
important channels are complemented with a product recoil
velocity analysis using the GIB-TOF technique. The com-
bined results provide a comprehensive picture of a reaction
system that is strongly hindered on the ground-state surface
of the reactants, but turns on efficiently following passage of
a transition state associated with an excited-state charge-
transfer surface.

ll. EXPERIMENT

The guided-ion beam apparatus and data analysis meth-
ods have been described in detail previously.!” Only a brief
description is given here. A beam of ground-state O*(4s) is
produced by the dissociation of CO, with 20.5 eV electrons
in an electron impact source. This low electron energy
avoids formation of the electronically excited O*(*D) and
O (2P) states,'®! which lie ~3.32 and 5.02 eV above the
O*(*S) appearance potential of 19.1 €V, respectively.2°’21
We estimate the beam to be >98% pure ground-state ion.
This is confirmed by carefully checking for cross-section de-
pendences on electron energy.

The O primary ion beam has a ~0.2 eV full width at
half maximum (FWHM) energy spread and is mass selected
by a Wien velocity filter before injection into a series of two
radio frequency (rf) octopole ion guides.? An rf amplitude of
~130 V at ~10 MHz is applied to the octopole rods to trap
the ions and ensure 100% ion collection efficiency. The first
octopole ion guide has a length of 7.4 cm, the last 3.5 cm of
which is encompassed by a collision cell containing the tar-
get gas. To ensure single collision conditions, a C,H, gas
pressure of ~0.18 mTorr is employed. The C,H, (Matheson,
99.6%) is passed through a cold trap to remove an acetone
impurity.
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Both the unreacted primary and product ions are guided
into a second, 16.7 cm long, octopole which is biased ~0.3—
0.4 eV lower than the first octopole. This bias accelerates
slow product ions to kinetic energies sufficient to overcome
local barriers resulting from the inhomogeneities of rod sur-
face potentials. When necessary, a positive potential of
~30-50 V is applied to a cylindrical ring electrode sur-
rounding the octopole at the entrance of the collision cell,
producing a small potential barrier of ~60-100 mV that
reflects laboratory backscattered ions into the forward direc-
tion. At the exit of the second octopole, all ions are extracted
and focused into a quadrupole mass analyzer. The mass-
selected ions are then detected by an off-axis microchannel
plate (MCP) or a channel electron multiplier.

The collision energy is varied by changing the direct
current (dc) bias of the collision cell and octopole assembly
with respect to the ion source. The absolute integral cross
section for product i, o;, is determined from the following
equation:

I prod, i (1 O)

Iprim+ z Iprod,i) nl
i

g;=

where I, is the primary ion O" intensity, n is the number
density of the neutral C,H, target, I;oq,; is the ion intensity
of product i, and [ is the effective length of the primary
ion—neutral interaction region. The effective length is deter-
mined using the following calibration reaction:>?

Ar*+D,—ArD*+D. : (11)

The uncertainty of the absolute cross section is estimated to
be +30%.

To measure the product TOF distributions, ~3 to 4 us
wide primary ion pulses are generated by gating a split pair
deflector electrode prior to the octopole injection. The pri-
mary and product flight times are recorded using a time-to-
digital converter. To avoid background signals, the rf voltage
on the octopole is briefly switched off prior to each cycle to
purge slow ions formed by previous primary ion pluses. The
arrival time for primary and product ions are accumulated
over many TOF cycles. The resulting TOF spectra are trans-
formed into laboratory axial velocity distributions, f(v] )
where v, p is the product ion laboratory velocity component
parallel to the octopole ion-guide axis.!”

In the current study, secondary reaction products com-
plicate the analysis. Their existence is confirmed by compar-
ing the cross sections measured under continuous wave (cw)
and pulsed TOF conditions, and by target pressure depen-
dences. In the pulsed conditions, very slow product ions that
cause secondary reactions are not registered due to the rf-
bursting technique applied in TOF mode. In the present
double-octopole system, the secondary reaction products are
minimized by the lower bias potential of the second octopole
that accelerates slow product ions from the first octopole to a
kinetic energy of ~0.4 eV.
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FIG. 1. (a) Energy dependence of integral cross sections for the main prod-
uct ions of O*(*S)+C,H, collisions, C,H;(O), C,H*(O), CH*(?),
COH*/HCO*(V), and CO*(A). (b) Energy dependence of integral cross
sections for minor products, C; (0), C*(O), and CH,0*(A). The insert in
(b) is a logarithmic plot of the total cross section. The low-energy cross
sections are compared with an E;%° dependence (LGS/120).

Ilil. RESULTS
A. Cross-section measurements

The energy dependent cross sections for products
formed in the reaction of O (*S)+ C,H, are shown in Figs.
1(a) and 1(b). Note that the C,H, cross section shown in Fig.
1(a) includes the cross section of m/z=27 products, C;Hy
and *CCH;, which is ~10% of the C,H; cross section for
E;>1.6¢V and ~22% for E;<1.6 eV. The cross section of
the m/z =26 and 27 products exhibit a similar energy depen-
dence, as expected in the case of isotopomers and secondary
products. The isotopic m/z=27 contribution is ~2%. The
secondary products stem from the reaction

C,H; +C,H,—C,H; +C,H, (12)

that has a rate constant on the order of 107!! and
1072 molecule™! cm® s~} for the ground and electronically
excited CZH;r reactant states, respectively.”

All channels are observed to be weak below 1.6 eV. The
insert in Fig. 1(b) shows a logarithmic plot of the total cross
section at low energies. The cross sections below 1 eV ex-
hibit a E; 05 energy dependence that is more than two orders
of magnitude smaller than the Langevin—Gioumousis—
Stevens (LGS) capture cross section for an ion—induced di-
pole interaction.”> Above 1.6 eV, several channels turn on
abruptly, of which the CT channel predominates. CT ac-
quires a nearly constant cross section of ~3.2 A% at ~4 eV.
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FIG. 2. Expanded view of low-energy charge-transfer cross sections. Raw
(@) and baseline corrected (O) cross sections of C,H; are shown. The solid
line is a modified line-of-centers threshold function [Eq. (13)] corresponding
to the listed fit parameters.

The second strongest C,H* channel turns on weakly at a
translational energy of ~0.5 eV, then increases more rapidly
above ~4 eV.

The CH* cross section is also weak at collision energies
below 1.6 eV, after which it rises to a maximum value of
~1.7 A% at ~5 eV. There is no measurable reactivity to
COH*/HCO™ and CO™ products at low collision energies.
The COH*/HCO™ cross section also appears to have a
threshold near ~1.6 eV and peak at ~4.5 eV. The CO*
product channel turns on around ~3 eV, with a maximum at
~9 eV. Note that the COH* and HCO* products are indis-
tinguishable in our experiments. The cross sections of minor
products C*, C;, and CH,0" [Fig. 1(b)], although associ-
ated with exothermic channels, are all very small below 1 eV
and increase with collision energy. Unlike C*t and C; R
CH,O" peaks at about 4 eV after which the cross section
declines with energy.

Given the thresholdlike behavior of several observed
product channels, we have performed modified line-of-
centers model fits of the charge-transfer, C2H+, CHT,
COH*/HCO™ and CO™ yields in order to determine the on-
sets of the respective products. The data is fit to the model
threshold function

(Er+E;—Ep)"
o(E)=0o2 8i —p— (13)

where E is the threshold energy, o is a scaling parameter,
and n is a curvature parameter. The fits involve convoluting
the experimental collision energy distribution with Eg.
(13).26 The sum is over internal states of the reactants, with
energies E; and populations g;. The modeled onset at ~1.6
eV of the charge-transfer cross section is shown in Fig. 2.
The raw charge-transfer cross section is corrected for the
weak low-collision energy process prior to fitting. Given the
relatively constant cross section at low energies, we believe a
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FIG. 3. Low-energy cross sections of CH* (a), COH*/HCO" (b), CO* (c),
and C,H™" (d) formation including the resulting fit parameters of the modi-
fied line-of-centers threshold models.

simple baseline correction is justifiable. The fit yields an on-
set energy (0 K) of 1.70£0.10 eV for the high-energy cross
section enhancement. Expanded views of the modeled CH*
and COH*/HCO™ cross sections are shown in Figs. 3(a) and
3(b). Threshold energies of 1.79+0.10eV and 1.71
+0.10eV are determined for these products, respectively.
Figures 3(c) and 3(d) are the expanded views of the modeled
CO™ and C,H* cross sections, yielding thresholds of 2.62
+0.15eV and 3.79*0.11 eV, respectively. Whereas the
thresholds of ~1.7 eV observed for charge-transfer, CH",
and COH*/HCO™ cannot be associated with any particular
asymptotic limit, the latter thresholds can clearly be attrib-
uted to the opening of the dissociative channels

07 (*8)+ CHy('S,;)—CO* (> ™) + CH(’IT)

"+H-2.70 eV, (14)
—CHCII)+H+0-3.79 eV.
(15)

The competitive nature of the energy dependences of the
corresponding nondissociative and dissociative processes are
also consistent with this interpretation.

No evidence is found for CH, formation, despite the
high exothermicity leading to CH; (A;)+CO('Z*) prod-
ucts [Reaction (6)]. Note that these products are spin-
forbidden.

B. TOF measurements

Product ion velocity-transformed TOF distributions,
f(v'y,), are shown for C,H; (CT) products at different col-
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FIG. 4. Axial velocity distributions of the C,H, product ions as a function
of collision energy. The vertical lines in each collision energy frame indicate
Vem and U, the center-of-mass and maximum energetically allowed ve-
locities. The solid lines are calculated osculating complex model distribu-
tions for a discrete translational-to-internal energy transfer of 2.7 eV and a
very short complex lifetime. The dotted lines indicate the experimental dis-
tribution of vy, .

lision energies in Fig. 4. In each frame, the vertical lines
indicate the center-of-mass (CM) velocity, vy, and the
maximum energetically allowed velocity, v,,x. These ve-
locities are calculated assuming the target gas is at rest. The
dotted curves are the experimentally broadened CM velocity
which are a measure of the present experimental resolution.

At 1.55 eV, it can be stated that approximately half of
the products stem from the low-energy mechanism, and half
are attributable to the 1.70 eV threshold process. Note that
the thermally broadened collision energy FWHM at a nomi-
nal collision energy of 1.55 eV is ~0.45 eV. The product
velocity distribution exhibits a peak intensity at near-zero
laboratory velocities as well as significant intensity centered
around v,,. At collision energies above 1.70 eV, the peak
intensity is clearly at higher laboratory velocities, indicating
a process with translational to internal energy transfer. At
4.84 and 6.25 eV, the band becomes considerably narrower
with a decrease in intensity near vo,.

The CZH;' velocity distributions at collision energies of
3.59 eV and higher are compared with simulations (solid
curves) taking all known experimental broadening kinemat-
ics into account.!”?” Product velocities are calculated for the
case that CM backscattered C,H; (A) products are formed
with no vibrational and rotational excitation. The energetics
for A state formation are given by

O*(*5)+CoHy('S)
—CH; (A 23} 1%A,)+0(P)=2.7 eV. (16)

Note that the equilibrium geometry of the C,Hy A state is
trans-bent.?® The simulations are based on an osculating
complex model, 3! assuming a discrete translational-to-
internal energy transfer of 2.7 eV and a very short-lived
complex. The calculated bands agree well with the maxima
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FIG. 5. Axial velocity distributions at E;=3.59 eV for product ions, C,H;
(a), C,H* (b), CH* (c), and COH*/HCO™" (d). Note that two lines repre-
senting v, for COH* and HCO*, respectively, are indicated in Fig. 5(d).
Calculated velocity distributions (solid lines) for representative discrete
translational energy transfer values, AE,, are shown for each observed
velocity distribution.

and low-velocity edges of the main TOF bands, implying
that A state formation is efficient at higher collision energies.

While the measurement at 3.59 eV has substantial inten-
sity in the vicinity of v, this is no longer the case at 4.84
eV and higher energies. This is consistent with the previous
suggestion that C,H" is primarily a dissociative charge-
transfer product. The dissociative charge-transfer threshold
of 3.79 eV precludes efficient dissociation at 3.59 eV, imply-
ing that C,H, can acquire all of the available kinetic energy
without dissociating, while the observed C,H" products are
_ primarily associated with an OH neutral fragment [Reaction
(1)]. The signal near v, in the 3.59 eV measurement is thus
evidence of high internal excitation. At 4.84 and 6.25 eV,
partitioning of kinetic energy exceeding 3.79 eV, results in
loss of C,H;, which is consistent with loss of C,H; signal
near v, and the resulting narrower bands at these energies.

This is further corroborated through the comparison of
C,H; and C,H" axial velocity distributions in Figs. 5-7.
Simulations representative of a discrete translational energy
transfer, AE;, are shown for the purpose of orientation.
While both product channels have very similar TOF spectra
at 3.59 eV [Figs. 5(a) and 5(b)], maxima of the C,H" veloc-
ity distributions are shifted substantially closer to v, at 4.84
and 6.25 eV [Figs. 6(a) and 7(a)], implying that this channel
is associated with higher degrees of energy transfer. Samples
of CH* and COH*/HCO™ axial velocity distributions are
also shown in Figs. 5—7. While CH" is primarily CM back-
scattered, COH*/HCO™ product velocity distributions are
CM forward scattered. Interestingly, at the three collision
energies, the peak velocities in both channels correspond to
very similar energy transfers, as the sample simulations dem-
onstrate. The CO* products are also primarily CM forward
scattered, as seen in Figs. 6(d) and 7(d). The velocity distri-
butions are very similar to those observed for COH*/HCO™,
consistent with CO* being a product of sequential dissocia-
tion of excited COH*/HCO" products.
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C. Density functional calculations of (O-C,H,)*
complex ions

The small low energy cross sections and thresholdlike
behavior imply that short-range interactions are important in
this collision system. We have, therefore, conducted a den-
sity functional survey of the (O—C,H,)* quartet and doublet
local minima. Geometry optimizations are carried out at the
B3LYP/6-31G(d) level (GAUSSIAN 94).3? This level of theory
has been demonstrated to be useful in exploring the relative
energetics as well as geometries for ion—molecule reaction
intermediates.>® The determined local minima and their op-
timized structures are shown schematically in Fig. 8 along
with the relative energies of reactants and products. Note that
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FIG. 7. Axial velocity distributions at E;=6.25 eV for product ions, C,H;
and C,H" (a), CH* (b), COH*/HCO™ (c), and CO" (d). Note that two lines
representing v, for COH™ and HCO™, respectively, are indicated in (c).
Calculated velocity distributions (solid lines) for representative discrete
translational energy transfer values, AE,, are shown for each observed
velocity distribution.
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FIG. 8. Schematic potential energy diagram for the 07 (*S)+C,H, reaction
system. The intermediate species energies are those calculated in the present
work for the shown optimized structures. Dashed product energy levels
indicate spin-forbidden channels.

the potential energy shown here includes the thermal internal
energy (300 K), determined from normal frequency
calculations,*? and is plotted with respect to the reactant en-
ergy, which is indicated by a horizontal dotted line. While a
HC-CHO" structure is found to be the most stable quartet
geometry, the ketene ion is the global minimum of the dou-
blet hypersurface, as previously determined by Bouma
et al.** Given the significant enhancement of reactivity with
collision energy above a threshold of 1.7 eV, we have looked
for a barrier on the ground-state surface of reactants. All
located transition states to intermediates did not represent
barriers to reaction at the present level of theory.

IV. DISCUSSION

Clearly the most remarkable feature of the present ob-
servations is the pronounced collision energy enhancement
of the main CT, CH*, and COH*/HCO™" channels above 1.7
eV. At collision energies below 1.7 eV, all channels are very
inhibited, despite considerable exothermicities. The C2H2
axial velocity distribution at 1.55 eV (Fig. 4) indicates that
the weak charge-transfer channel at low energies is primarily
attributable to a long-range mechanism with little energy
transfer. Consequently, either a weakly coupled long-range
mechanism or trace amounts of O" metastable ions associ-
ated with a large charge-transfer cross section are responsible
for the low-energy yields. We are unable to distinguish be-
tween the two possibilities. A weakly coupled charge-
transfer reaction, however, is consistent with energy reso-
nance and Franck—Condon criteria that usually govern low-
energy, exothermic ion-molecule CT.353¢ Two weakly-
coupled, near-resonant transitions are possible: Franck—
Condon restricted charge-transfer to ground-state products,
and a spin-forbidden transition to O('D)+C,Hy ()?) prod-
ucts, where the Franck—Condon overlap is very favorable. It
is worth noting that the present low-energy cross sections are
comparable to those of the isoelectronic O *(*$)+N, colli-
sion system. Formation of NO*+N(*S) is interpreted to pro-
ceed via a spin-forbidden transition to a doublet surface at
low energies.”’
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FIG. 9. Asymptotic excited state structures of the 0*(*S)+C,H, charge-
transfer system. Energies and optimized geometries are taken from Ref. 42.

The TOF measurements of CT product ions at higher
energies indicate significant degrees of translational energy
transfer associated with smaller impact parameter collisions.
The k1nematlc analysis suggests that a surface associated
with C,H; A state products plays an important role. The
observed onset of 1.700.10 eV for the high-energy feature
of the charge-transfer cross section, however, lies signifi-
cantly below the threshold for O(*P)+C,H; (A 2A,) forma-

. tion. Consequently, the observations cannot be interpreted

simply by invoking the opening of an additional exit channel
that has a much higher degree of charge-transfer coupling.
Since our density functional survey could not locate a barrier
leading to one of the observed local minima of the ground-
state reactant surface, we conclude that the reactions associ-
ated with the 1.70 eV threshold are proceeding on an
excited-state surface. More precisely, excited charge-transfer
surfaces need to be considered because they are the only
spin-allowed excited-state surfaces in the energy range of
interest.

Several expeﬁmenta128’38’39 and theoretical®®~** studies
have investigated the low-lying excited states of actylene
radical cation, the charge-transfer product. In addition to
studying the structure of the A state, the theoretical work has
identified two additional states that are not observed in the
photoelectron spectrum, the 2Hg and 41'[g shake-up states.
These states lie slightly above and below the A state, respec-
tively, and also have bent equilibrium geometries with sub-
stantially elongated C—C bonds. There are, therefore, a num-
ber of C,H; statés in the energy region of interest, of which
the two doublet states have been shown to be strongly vi-
bronically coupled through the bending vibrational
coordinates.*? Consequently, it is not surprising that
calculations*®* and expeﬁment528’39 find the A state to be
very short lived. A barrier-free relaxation to vinylidene ion
(H,CC™) is found. A barrier slightly below 0.5 eV has been

“determined for the vinylidene isomerization to the 11,

acetylene cation. 34

Figure 9 displays a schematic energy diagram of
asymptotic states of the O"+C,H, charge-transfer system
illustrating the high density of states attributed to the trans-
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and cis-bent low-lying states and their correlations to the
linear and vinylidene ion. The energetics and geometries are
taken from Chambaud et al.*? It is seen that the energy of the
observed threshold lies in the vicinity of charge-transfer
product states associated with electronically excited C,H;
states. The high preference for CZHQL A state products at
energies exceeding 2.7 eV suggests that the collisions pass
through a [0,C,H; (A)] intermediate above 1.7 eV. At ener-
gies below 2.7 eV, this intermediate cannot decay to
O+C,H; (A), and highly excited C,H; X state or meta-
stable vinylidene must be formed in the observed charge-
transfer channels. Given the high degree of vibronic coupling
and the diverse geometries of the low-lying C,H, excited
states, it may be assumed that the hydrogen atoms are ex-
tremely mobile in a loosely bound [0,C,H; (A)] complex. It
is, therefore, not surprising that chemical reaction channels
also become efficient at energies above 1.7 eV.

Interestingly, the H™ transfer reaction (1) only experi-
ences a minor enhancement above 1.70 eV and, having at-
tributed the substantial C,H* yields to dissociative charge
transfer, is not a major factor throughout the investigated
energy range. The CH* and COH*/HCO™ channels [Reac-
tions (2) and (3) and/or (4)], however, are obviously medi-
ated by the same excited-state surface as the charge-transfer
channel. The TOF measurements indicate that energy trans-
fer is very efficient in all of the investigated channels. This is
exemplified in the C,H™ channel, which becomes very effi-
cient above the thermodynamic threshold at 3.79 eV for dis-
sociative charge-transfer leading to C,H*+0O+H products.
Assuming that the observed recoil velocities are characteris-
tic of a sequential mechanism involving charge-transfer fol-
lowed by dissociative decay, the simulations demonstrate
that the C,H* products are highly excited. This is further
corroborated by the enhancement of C; production above
the threshold of 9.1 eV for C; +O+H+H formation [Fig.
1))

It is worth pointing out that the presently suggested se-
quential mechanism involving charge transfer to vibra-
tionally excited C,H, (Z ) product ions followed by efficient
dissociation to C,H*-+H fragments is consistent with the
photoelectron-photoion coincidence (PEPICO) studies of ex-
cited C2H§r states, in which the dissociation efficiency to
form C,H™ is found to be near unity above threshold.*

The present experiments also point to high internal ex-
citation of the CH* and HCO*/COH™" products. The cross
sections demonstrate that these products are excited to inter-
nal epergies near the dissociation limit. While the
HCO*/COH™ cross sections appear to be in competition
with CO?", the latter turning on at the CO*+H+CH thresh-
old of 2.7 eV, a similar, but more subtle situation is observed
for the CH" and C* channels, where C* exhibits an en-
hancement above the C*+H+HCO thermochemical limit of
2.8 eV. The recoil velocity distributions are observed to be
very close to the CM velocity indicating high internal exci-
tation. Some caution needs to be taken in making this con-
clusion because most of the kinetic energy may be carried off
by an H atom formed in a simultaneous production of two
neutral products. The almost identical energy transfer ob-
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served in the CH* and HCO*/COH™" product channels, how-
ever, suggests that these products are produced in very simi-
lar trajectories. Since these products are charge-transfer
analogs, a mechanism can be invoked in which the identity
of the fragment ion is determined through a charge-transfer
interaction in the outgoing trajectory at longer range. This is
fully consistent with the fact that these products are scattered
in opposite directions. This scenario implies intact
CH*+HCO and HCO*/COH" +CH moieties at long range
and, therefore, a sequential mechanism if fragmentation of
the initial neutral product occurs. In this case, the observed
jon recoil velocity distributions of the CH*+HCO and
HCO*/COH" +CH products would be representative of the
internal energy of fragments involving a single neutral prod-
uct.

The recoil velocity measurements of the CH' and
COH*/HCO" product ions do not provide conclusive evi-
dence on the favored approach geometry and location of the
O™ insertion into acetylene, and thus the isomeric identity of
the m/z=29 product. The scattering angles indicate a strip-
ping mechanism in which the incident ion picks up a CH
fragment. A study of cross sections involving deuterated
acetylene may be helpful in assessing whether C/H or C-C
insertion are the predominant pathways of the reactive chan-
nels.

The present cross section and TOF measurements thus
convey a mechanism where translational energy transfer is
necessary to access an excited-state complex that exhibits
many barrier free isomerization and dissociation channels.
Maybe the most intriguing question that remains is why the
reactivity is so poor at energies below the observed onset of
1.70 eV, despite the large number of exothermic channels
and stable intermediates. Only charge transfer and CH* for-
mation are observed to have cross sections exceeding 0.1 A2
below 1 eV. Note that the first spin-allowed CH" channel is
endothermic by 0.12 eV [Reaction (2b)]. The increase in
cross section with collision energy at near-thermal energies
is indicative of a reaction with low threshold, implying that
CH*CIT)+HCO(?A") products are formed. While the low
cross sections to form CH* and CT products can be ex-
plained with spin-conservation or Franck—Condon rules,
there is no obvious reason why none of the remaining highly
exothermic spin-allowed reaction channels are produced ef-
ficiently in the collision energy regime below 1 eV where
complex formation and statistical energy partitioning can
predominate the dynamics.

A possible reason for the low reactivity of this collision
system may be found in poor correlation of electronic orbital
motion. This would be the case if the favored intermediate
has considerable symmetry. An obvious complex that could
be formed with a relatively large range of impact parameters
would be a T-shaped intermediate with C,, symmetry. Such
a complex would have “A, symmetry. The T-shaped local
minimum (the oxirene ion) determined by the present density
functional survey of the quartet hypersurface, however, has
4B, symmetry. It is thus conceivable that production of the
lowest oxirene ion A, excited state is endothermic to a de-
gree that the crossing leading to the B, surface represents a
substantial barrier. The other quartet hypersurface minima
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are asymmetric, but involve bond insertion or major hydro-
gen atom migration. The formation of such complexes is
likely to be limited to a smaller range of impact parameters.
A detailed theoretical treatment of the excited states of the
quartet hypersurface would go a long way in providing an-
swers regarding both the efficient dynamics at high collision
energies as well as the poor reactivity at low collision ener-
gies.

V. CONCLUSIONS

The O™ (*$) + C,H, collision system has a reaction cross
section that is more than two orders of magnitude smaller
than the Langevin—Gioumousis—Stevens capture cross sec-
tion at low collision energies, despite the large number of
exothermic channels and several stable intermediates. Above
a collision energy of 1.7 eV, charge-transfer, CH* and
COH'/HCO™ channels turn on abruptly. Above 2.7 eV, CT
is found to lead to O(*P)+C,H; (A) products, indicating
that the reaction preferentially proceeds via an excited-state
surface. The high density of C;,,H;_r states in this energy re-
gime, and their instability with respect to H-atom migration,
provide an explanation for the sudden high reactivity once
sufficient translational energy has been transferred into inter-
nal energy of the collision complex. Product recoil velocity
distributions demonstrate that translational energy transfer is
extremely efficient for all of the main product channels, lead-
ing to sequential dissociation at higher collision energies.
The C,H*, CO*, and C* channels are primarily attributed to
sequential dissociation events.

The small charge-transfer cross sections below 1 eV can
be attributed to poor Franck—Condon factors associated with
ground-state products, and a spin-forbidden transition with
near-resonant O('D)+ C2H; ()? ) products. The low reaction
cross sections despite several stable intermediates may be
attributed to poor orbital correlations with an oxirene ion
intermediate. We thus find that, contrary to common obser-
vations of other small organic jon—molecule reaction sys-
tems, the 0" (4$) + C,H, reaction is neither governed by fac-
ile charge-transfer and/or hydrogen atom transfer reactions,
nor by products associated with the dissociation of stable
intermediates, but by an excited charge-transfer surface that
promotes both CT and reaction channels.

ACKNOWLEDGMENTS

This work is supported by AFOSR under Task 2303EP2.
Y-H. Chiu is an NRC postdoctoral fellow. We thank Profes-
sor Keiji Morokuma and Dr. Charles Kolb for valuable com-
ments regarding this work.

VE. Teloy and D. Gerlich, Chem. Phys. 4, 417 (1974).

2D. Gerlich, in State-Selected and State-to-State Ion Molecule Reaction
Dynamics: Experiment, Part I. Adv. Chem. Phys. Vol. 82, edited by C. Y.
Ng and M. Baer (Wiley, New York, 1992), p. 1.

3Y. Chiu, H. Fu, J. Huang, and S. L. Anderson, J. Chem. Phys. 102, 1199
(1995).

“R. A. Curtis and J. M. Farrar, J. Chem. Phys. 90, 862 (1989).

31, Qian, H. Fu, and S. L. Anderson, J. Phys. Chem. 101, 6504 (1997).

6y, Qian, R. J. Green, and S. L. Anderson, J. Chem. Phys. 108, 7173
(1998).

7S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. D. Levin, and

Chiu et al. 5307

W. G. Mallard, Gas-Phase Ion and Neutral Thermochimstry, J. Phys.
Chem. Ref. Data 17, Suppl 1 (1988).

SA.A. Radzig and B. M. Smirnov, Reference Data on Atoms, Molecules,
and Ions (Springer-Verlag, Berlin, 1985).

9K. P. Huber and G. Herzberg, Molecular Spectra and Molecular Structure
V. Constants of Diatomic Molecules (Van Nostrand Reinhold, New York,
1979).

10G. Herzberg, Molecular Spectra and Molecular Structure IIl. Electronic
Spectra and Electronic Structure of Polyatomic Molecules (Van Nostrand
Reinhold, New York, 1966).

11M. J. Bastian, R. A. Dressler, E. Murad, S. T. Arnold, and A. A. Viggiano,
J. Chem. Soc., Faraday Trans. 92, 2659 (1996).

2R, A. Dressler and E. Murad, in Unimolecular and Bimolecular Ion-
Molecule Reaction Dynamics, edited by C. Y. Ng, T. Baer, and I. Powis
(Wiley, New York, 1994), p. 87.

3E. Murad, J. Spacecr. Rockets 33, 131 (1996).

140, J. Orient, A. Chutjian, and K. E. Martus, Phys. Rev. A 48, 427 (1993).

150, J. Orient, A. Chutjian, and E. Murad, Phys. Rev. A 51, 2094 (1995).

16M, Mendillo, J. Baumgartner, P. D. Allen, J. Foster, J. Holt, G. R. A. Ellis,
A. Klekociuk, and G. Reber, Science 238, 1260 (1987).

7R, A. Dressler, R. H. Salter, and E. Murad, J. Chem. Phys. 99, 1159
(1993).

18C. E. Moore, Natl. Bur. Stand., Circ. 467, Vol. I, p. 47 (1949).

19T, 0. Tiernan and B. M. Hughes, J. Chem. Phys. 55, 3419 (1971).

205, A. Appell, J. Durup, and F. Heitz, Adv. Mass Spectrom. 3, 457 (1969).

21y L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, K. Draxl, and
F. H. Field, Ionization Potentials, Appearance Potentials, and Heats of
Formation of Gaseous Positive Ions, Nat. Stand. Ref. Data Ser. 26, (1969).

2K M. Ervin and P. B. Armentrout, J. Chem. Phys. 83, 166 (1985).

By, Ikezoe, S. Matsuoka, M. Takabe, and A. A. Viggiano, Gas Phase
Ion-Molecule Reaction Rate Constants Through 1986 (Maruzen Co., To-
kyo, 1987).

24p_J. Derrick and I. Szabo, Int. J. Mass Spectrom. Ion Phys. 7, 55 (1971).

25G. Gioumousis and D. P. Stevenson, J. Chem. Phys. 29, 294 (1958).

26 M. J. Bastian, R. A. Dressler, D. J. Levandier, E. Murad, F. Muntean, and
P. B. Armentrout, J. Chem. Phys. 106, 9570 (1997).

27D, Gerlich, J. Chem. Phys. 90, 127 (1989).

283 E. Reutt, L. S. Wang, J. E. Pollard, D. J. Trevor, Y. T. Lee, and D. A.
Shirley, J. Chem. Phys. 84, 3022 (1986).

2@G. A. Fisk, J. D. McDonald, and D. R. Herschbach, Discuss. Faraday Soc.
44, 228 (1967).

30\, K. Bullit, C. H. Fisher, and J. L. Kinsey, J. Chem. Phys. 60, 478
(1974).

31D, M. Sonnernfroh, R. A. Curtis, and J. M. Farrar, J. Chem. Phys. 83,
3958 (1985).

32 GAUSSIAN 94, Revision D.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, P.
M. W. Gill, B. G. Johnson, M. A. Robb,, T. K. J. R. Cheeseman, G. A.
Petersson, J. A. Montgomery, K. Raghavachari, V. G. Z. M. A. Al-Laham,
1. V. Ortiz, J. B. Foresman, J. Cioslowski,, A. N. B. B. Stefanov, M.
Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen,, J. L. A. M. W. Wong,
E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, D. I. D. J. S.
Binkley, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez,, and J. A.
Pople (Gaussian, Inc., Pittsburgh PA, 1995).

3 A, Luna, A. M. Mebel, and K. Morokuma, J. Chem. Phys. 105, 3187
(1996). ‘

34y J. Bouma, P. M. W. Gill, and L. Radom, Org. Mass Spectrom. 19, 610
(1984).

35E. A. Gislason, G. Parlant, and M. Sizun, in State-Selected and State-to-
State Ion-Molecule Reaction Dynamics, Part II, Adv. Chem. Phys., Vol.
82, edited by C. Y. Ng and M. Baer (Wiley, New York, 1992), p. 321.

36H. Nakamura, in State-Selected and State-to-State lon-Molecule Reaction
Dynamics, Part II Adv. Chem. Phys. Vol. 82, edited by C. Y. Ng and M.
Baer (Wiley, New York, 1992), p. 243.

371, D. Burley, K. M. Ervin, and P. B. Armentrout, J. Chem. Phys. 86, 1944
(1986).

38(C, Servais and R. Locht, Chem. Phys. Lett. 236, 96 (1995).

3C. Cha, R. Weinkauf, and U. Boesl, J. Chem. Phys. 103, 5224 (1995).

490p Rosmus, P. Botschwina, and J. P. Maier, Chem. Phys. Lett. 84, 71
(1981).

41\, P. Kraemer and W. Koch, Chem. Phys. Lett. 212, 631 (1993).

4G, Chambaud, R. Van den Boom, and P. Rosmus, Chem. Phys. Lett. 247,
79 (1995).

43T C. Hamilton and H. F. Schaefer, III, J. Phys. Chem. 93, 7560 (1989).

4], Baker, Chem. Phys. Lett. 159, 447 (1989).

45K, Norwood and C. Y. Ng, J. Chem. Phys. 91, 2898 (1989).




JOURNAL OF CHEMICAL PHYSICS

VOLUME 109, NUMBER 17

1 NOVEMBER 1998

Determination of photofragment ion translational energy and angular
distributions in an octopole ion guide: A case study of the Ar;

and (N,O0-H,0)™" cluster ions

S. Williams,2 Y.-H. Chiu, D. J. Levandier,? and R. A. Dressler
Air Force Research Laboratory/VSBM, 29 Randolph Road, Hanscom Air Force Base,

Massachusetts 01731-3010
(Received 4 May 1998; accepted 28 July 1998)

The first measurement of ion photodissociation product recoil velocity and angular anisotropy in an
octopole ion guide are presented. The experimental and numerical procedures required to obtain
photofragment ion translational energy and angular distributions are discussed. Cluster ions are
photodissociated in an octopole ion guide, and photofragment ion velocity distributions are
measured using time-of-flight (TOF). The instrumental discrimination function is determined using
guiding field variation (VAR). A validation study using the 22; — : transition of Ar; probed at
300 nm and a photodissociation dynamics study of (N,0-H,0)* to form N,OH"+OH,
N,O*+H,0, and H,0*+N,0 in the 458-657 nm range are presented. The HyO™ and N,0O"
photofragment translational energy and angular distributions are derived, and new information
regarding the photodissociation of the (N,O-H,0)* cluster ion is obtained. © 1998 American

Institute of Physics. [S0021-9606(98)00541-8]

I. INTRODUCTION

The observation of the fragments produced in gas-phase
photodissociation experiments provides important informa-
tion regarding the structure and energetics of the species be-
ing studied. Several experimental techniques have been de-
veloped to probe the asymptotic properties of
photodissociation events.! These include photofragment
translational spectroscopy,z‘8 state-resolved photofragment
detection,”!® Doppler spectroscopy,“’12 photofragment
imaging,”"6 and position-sensitive detection/coincidence
methods.'”"?° In this paper a novel approach to studying
photodissociation events of molecular ions is outlined. To
date, the majority of detailed measurements of the photodis-
sociation dynamics of ionic species have been carried out in
reverse-geometry sector mass spectrometers.® In the present
guided ion-beam (GIB) experiment,?' the exceptional trans-
mission properties of the effective potential generated in a
radiofrequency (rf) octopole ion guide are exploited to mea-
sure photofragment ion translational energy and angular dis-
tributions with high sensitivity.

In gas-phase ion chemistry, the GIB technique is well
established for measuring reliable absolute integral cross sec-
tions of ion-molecule reactions over a wide range of collision
energies. In these applications, the rf octopole ion guide is
utilized predominately to ensure 100% collection efficiency
of the primary and secondary ionic products regardless of
their kinetic energy or scattering angle. Because ion velocity
distributions are unaffected by the rf voltage in octopole ion
guides operated under certain conditions, the GIB method is
readily applied to measure velocity and angular distributions
of product ions, whereby the axial component is determined

AAlso at: Orion International Technologies, Albuguerque, NM.
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by using the time-of-flight method (GIB-TOF) and the trans-
verse component by guiding field variation (GIB-VAR).2>%
In a GIB experiment, the overall symmetry is defined by the
primary ion beam guided along the octopole axis, and the
cylindrical symmetry of the effective guiding potential leads
automatically to an integration over the azimuthal angle. For
this geometry, the axial and transverse velocity components
can be determined independently, and hence, the GIB
method is capable of providing the same doubly differential
information as photofragment imaging'®~!® and position-
sensitive detection/coincidence methods.'’~*°

In recent years, an increasing number of research
groups®*~?” have exploited the versatility of rf ion guides in
photodissociation experiments. While these experiments
have yielded photofragment ion action spectra, no direct
measurements probing the details of the photodissociation
dynamics have been reported. In this paper, the determina-
tion of center-of-mass kinetic energy release and angular dis-
tributions with high accuracy is added to the list of GIB
capabilities. A diatomic validation study using the 22;
23" transition of Ar, probed at 300 nm and a photodis-
sociation dynamics study of the positive cluster ion of NyO
and H,0, namely (N,0-H,0)", in the 458—657 nm range
are presented.

Il. EXPERIMENT
A. Photodissociation measurements

Cold cluster ions are produced in a pulsed supersonic
expansion source and are interrogated using a guided ion-
beam apparatus previously described.?®-3® Excitation is pro-
vided by a Nd:YAG pumped, broadband optical parametric
oscillator (OPO) laser system (Quanta Ray GCR-170 and
MOPC-710) operated over the wavelength range of 450-660

© 1998 American Institute of Physics




J. Chem. Phys., Vol. 109, No. 17, 1 November 1998

Injection X
Lens Set 4:/&_' 7 Cylindrical Lens Quadrupole
Polarizer
I _ | — e
——
— Laser Beam
Im( Octopole 1 Octopole 2 ” .. lon Beam
' .
Pulsed Extraction ,
Deftection Lens Set lgllcrochannel
Electrode Laser Sheet late

FIG. 1. Schematic representation of the interaction region of the guided
ion-beam experiment for the measurement of photofragment translational
energy and angular distributions.

nm (signal) with an average bandwidth over this range of
approximately 10 cm ™" (1 meV) and a temporal pulse width
of approximately 7 ns. In the Ar;‘r study, the laser output at
600 nm was frequency doubled in BBO. A reducing tele-
scope is used in conjunction with a 30 cm focal length cy-
lindrical lens to produce a weakly focused sheet of laser light
that propagates through the rods of the second octopole (Fig.
1). The laser sheet is approximately 1 mmX5 mm, and the
longer dimension is parallel to the octopole axis. The laser
energy is attenuated with neutral density filters to obtain per
pulse energy densities in the 5-90 mJ/cm? range. The pho-
tofragment yield over this energy density range is observed
to be linear with a zero intercept which indicates that the
photofragments are produced by single-photon processes. A
variable delay generator (SRS DG 535), triggered by the
TTL output of the pulsed valve driver (General Dynamics
IOTA one), triggers the flashlamps of the Nd:YAG laser and
a symmetric pulse forming network used to gate the primary
ion beam (20 us FWHM). The Q-switch of the Nd:YAG
laser is triggered internally. A high octopole guiding field
sufficient to collect all transverse velocity components of the
primary cluster ions and product ions is used. A TOF spec-
trum consisting of ion counts versus arrival time is recorded
for each mass using a multi-channel scaler (SRS SR 430).
Figure 2(a) shows a (N,0-H,0)" primary ion TOF
spectrum at an energy of 4.4 eV. The dip in the spectrum
corresponds to a hole burned into the cluster ion arrival time
distribution by the laser pulse. This narrow dip provides a
well defined measure of the starting time of the experiment.
The visible photodissociation of (N,0-H,0)* cluster ions
produces H,0%, N,O*, and N,OH™ photofragments.”~'
TOF spectra obtained with the quadrupole mass analyzer set
to m/z equal to 44—45 and 18 are shown in Fig. 2(b) and
2(c), respectively. The signal level at a mass resolution suf-
ficient to discern m/z=44 (N,0%) from m/z=45 (N;,OH*)
is very low, and as a result, both ions are collected simulta-
neously. The laser polarization is parallel to the octopole
axis, and a background scan with the laser off has been sub-
tracted from the data shown in Fig. 2(b) and 2(c). A calcu-
lated primary ion velocity distribution including experimen-
tal broadening is shown in Fig. 2(d). This velocity
distribution is essentially the experimentally broadened ve-
locity transform of the dip in the data shown in Fig. 2(a) and
represents a photofragment ion spectrum for zero kinetic en-
ergy release. Figure 2(¢) and 2(f) shows the data of 2(b) and
2(c) transformed into laboratory velocity space using a bin-

Williams et al. 7451

(N,0H,0)"

EAAR LAY te0a) Lda sachi nads a1 AL e s e |

(b) (e)
N,O'/N,OH"
(c)
H,0"

AAd BAAGLLAAL) RAARLARLLE SLAMLLALL] RLARLAREE] i
580 600 620 640 660 2000 4000 6000 8000
Time (ps) Axial Velocity, vz, (m/s)

Intensity (Arbitrary Units)

FIG. 2. TOF spectra of (N,0-H,0)* primary ion, (a), N;O*/N,OH* pho-
toproducts, (b), and H,O0" photoproduct, (c) recorded at 514 nm with the
laser polarization parallel to the octopole axis, x=0°. Monte Carlo simula-
tion of the spatially broadened velocity distribution of the primary ions
irradiated by the laser, (d). Velocity transformed TOF spectra of
N,O*/N,OH", (e), and H,0*, (f), photofragments.

ning technique previously applied in this laboratory.>*~>" The
bin width is on the order of the velocity resolution of the
experiment.

The velocity distribution of Fig. 2(d) is narrow com-
pared to the observed photofragment distributions and is in-
dicative of the high resolution of the TOF experiment. The
experimental resolution is determined by the center velocity
and the velocity width of the primary ion beam, the photoly-
sis length, and the flight distance. The primary ion velocity
and width are measured using the octopole as a retarding
field analyzer. The broadening due to the photolysis length is
accounted for by calculating distributions for several repre-
sentative origins within the photolysis region and averaging,
and the flight distance of 10.9 cm is fixed by the experimen-
tal geometry. '

B. Instrument discrimination function

Photodissociation of molecular ions can produce frag-
ment ions with velocity components transverse to the octo-
pole axis that are much larger than those encountered in typi-
cal GIB scattering experiments. These large transverse
velocity components are subject to losses particularly in the
octopole extraction stages. Information regarding the instru-
mental discrimination function can be obtained from GIB-
VAR measurements of a well characterized, high kinetic en-
ergy release system such as Ar£r . The principle behind the
GIB-VAR experiment has been discussed in detail by
Gerlich?® and Mark and Gerlich.”®> The method is based on
the fact that the maximum transmitted transverse energy is
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proportional to the square of the variable rf voltage that gov-
erns the guiding field. Hence, the octopole acts as a low-pass
transverse energy analyzer. Gerlich®? and Mark and
Gerlich® have shown that by applying a dc potential, V., to
the rods a transverse energy component of gV, is imparted
to the ions. The transverse energy confinement potential is
calibrated by measuring the transmitted ion current as a func-
tion of rf voltage. For a given V., the inflection point of the
curve {(ca. 50% transmission) is assigned to the guiding field
strength producing the effective potential equal to sm v,z
where v, is the transverse velocity component of the ions.
Calibrations were performed for m/z ratios of 18, 40, 44, 62,
64, and 80.

In the GIB-VAR photolysis experiments, the laser beam
and ion beam propagate collinearly down the octopole axis.
In this geometry, the laser polarization is always perpendicu-
lar to the octopole axis (Fig. 1). The reducing telescope is
adjusted so that the laser beam waist is approximately 1 mm
in the octopole. The Q-switch of the laser is fired when the
20 us cluster ion pulse is centered in the first octopole, and
the ~7 ns laser pulse passes through the ion pulse. Approxi-
mately 0.5 us after the Q-switch is fired, the applied rf volt-
age is ramped down to a new variable level with a decay
time constant of less than 1.5 us. It is this new level that
constitutes the discriminating rf voltage of the VAR mea-
surement. These conditions assure that the injected primary
ion-beam spatial density and energy profiles are constant for
different applied rf voltages, and hence, that reductions in
secondary ion counts can be attributed solely to a loss of
secondary ions with transverse kinetic energies in excess of
the ion guide effective potential. The GIB-VAR method is an
integral technique whereby the number of ion counts at a
specific rf voltage represents all ions with transverse kinetic
energies less than or equal to the effective potential. There-
fore the derivative of the transmission curve is related to the
radial speed distribution, as shown in the Appendix.

lil. ANALYSIS
A. Velocity diagrams and expressions

The vector diagrams appropriate for photodissociation
studies in an octopole ion guide are depicted in Fig. 3, and
Table I provides a compiled reference for the symbols used
in the figure and the discussion below. The figure identifies
the origin of the laboratory (LAB) and center-of-mass (CM)
coordinate frames. The LAB and CM coordinate systems
have axis labels (X,Y,Z) and (x’,y’,z"), respectively. The
ion-beam axis defines the location of the Z axis, and the laser
polarization unit vector € defines the location of the z' axis.
We follow the notation where unprimed symbols are refer-
enced to the LAB frame origin, primed symbols are refer-
enced to the CM frame origin, the subscripts 1, 2, and 3 refer
to the primary ion, ionic photoproduct, and neutral photo-
product, respectively, and bold face symbols refer to vectors
while the same italicized, normal face symbols represent
their scalar magnitudes.

The photofragment ion parallel velocity, v,,, measured
by GIB-TOF is the projection of v, on the octopole axis (Z
axis), and the transverse velocity, v,,, measured by GIB-
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FIG. 3. Vector diagrams for photodissociation studies. The symbols used in
the figure are defined in Table 1. The origins of the laboratory and center-
of-mass coordinate frames are labeled LAB and CM, respectively. The LAB
frame XY Z coordinate system is defined with respect to the octopole axis (Z
axis), and the CM frame x’y’z’ is defined with respect to the laser polar-
ization unit vector, € (z’ axis).

VAR is the projection of v, on the octopole cross sectional
plane (the XY plane). The laser polarization unit vector € is
allowed to rotate in the XZ plane as shown in Fig. 3(c).
Considering Fig. 3, the X, ¥, and Z components of v,,
namely vy, vyy, and v,z, are

vyx= vy cos( 8" )sin( x) + v sin(8’)cos(p")cos(x)
+ v, cos(y), (1a)

vyy= vy sin(8')sin(@') + vy, sin(y), (1b)

TABLE 1. Nomenclature for the photodissociation scattering dynamics. The
subscripts 1, 2, and 3 refer to the primary ion, ionic photoproduct, and
neutral photoproduct, respectively. The unprimed symbols are referenced to
the laboratory (LAB) frame origin, and the primed symbols are referenced
to the center-of-mass (CM) frame origin.

m total mass (primary ion)

my,ms photoproduct mass (ion, neutral)
p=momslm, reduced mass

vy,V, velocity in the LAB frame

Vip Vi primary LAB velocity (axial, transverse)

Vap Vo ionic photoproduct LAB velocity (axial, transverse)
A2 velocity in the CM frame

V2, =V2,~ Vip ionic photoproduct CM axial velocity

V3, = Vo~ V), ionic photoproduct CM transverse velocity

V= V3~ Vo, =v3— v, relative velocity

Er= %Mlvmlﬁ kinetic energy release

€ laser polarization unit vector (defines z' axis)

X laser polarization angle (0<y<m/2)

/4 CM frame photodissociation scattering angle
o<o'=m

¢ CM frame photodissociation scattering azimuthal
angle (0=¢'<2m)

0 LAB frame photodissociation scattering angle
0<b=m)

¢ LAB frame photodissociation scattering azimuthal

. angle (0=¢<2m)
y angle between v, and X axis (0<y<2m)
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vyz= 3 cos( 8 )cos(x) — v; sin( 6" )cos(¢")sin(x)
+ le N (IC)
and the magnitude of the CM velocity vector, v;, is given by

,_(ml_mz) _(ml—mz) 2E7

V= |Vre1| - > (2)
m my M

where m, is the total mass, m, is the ionic photoproduct

mass, u is the photoproduct reduced mass, v is the photo-

fragment relative velocity, and Ey is the kinetic energy re-

Jease of the fragments. By definition, the magnitude of v, is

vy,= V27, 3

and the magnitude of v, is

Vo= \Vax+ V3= vaxyls “)

where |v,,| is the absolute value of the velocity component
vy;. Equations (1)—(4) are used to derive the translational
energy and angular distributions of the photodissociation
event from the experimentally observed quantities.

We note that the primary ions have oscillatory trajecto-
ries and that the majority of the these ions are photolyzed off
the octopole axis.’® The transverse velocity component, vy,,
depends on the radial position, 7, of the primary ion and is

2(E,,— U*
Vi = _(—lmT—)’ (5)

where E|, is the total transverse energy of the primary ion,
and U* is the effective potential** calculated for the primary
jon mass, m, , at a radial distance of r at the rf voltage of the
experiment.

The above treatment also assumes that the vector addi-
tions are independent of r because ions originating at r=0
always result in v,, being normal to the tangent. An ion
photolyzed off the octopole axis, however, experiences a re-
duced transverse velocity, because v,, no longer intersects
the octopole boundaries normal to the tangent. This effect
causes some of the photofragment velocity to become angu-
lar velocity. Following trigonometric relations, the magni-
tude of the corrected transverse component normal to the
tangent, v,,., is given by

Vo, = Vy, cos[arcsin(r cos 7)], (6a)
where
n=arctan(v,;/vy; ), (6b)

v,; is the velocity component parallel to the radial displace-
ment direction, and v,; is the velocity component perpen-
dicular to the radial displacement direction. The correction of
Eq. (6) depends on the overlap geometry between the ion-
beam and laser intensity profiles and in most cases is small.
For example, the average correction using the present TOF
and VAR photolysis conditions is approximately 1% and
5%, tespectively.

The velocity expressions presented in this section are
incorporated into two distinct methods of analysis. The first
is a forward convolution analysis based on numerical evalu-
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ation, and the second is a direct inversion analysis based on
analytic expressions. The details of both methods are dis-
cussed below.

B. Forward convolution analysis

In the forward convolution analysis method, Monte
Carlo simulations including all known experimental broad-
ening mechanisms are compared to GIB-TOF and GIB-VAR
measurements. The masses of the primary ion and the pho-
toproducts, the rf voltage before and after the laser pulse, and
the angle x are set to the values used in the experiment to be
simulated. The program chooses r, vy,, vy, and all the
remaining angles randomly from normalized probability
tables and computes v, and vy,.. The probability function
for the initial radial position is a ‘‘top hat’ function repre-
senting our best estimate of the convolution of laser intensity
profile and the simulated ion probability density profile over
the overlap region.30 The probability functions for v, and
v, of the primary ion beam are determined from retardation
scans using the octopole as a retarding field analyzer’! and
from VAR measurements,” respectively. The angles ¢’ and
v are determined trivially from uniform probability distribu-
tion functions, and @' is determined using the expression

1
P(B’)=.E{I+BP2(COS '], 7

where B is the anisotropy parameter ranging from —1 to 2
with O representing an isotropic distribution, and P,(cos 6')
is the second order Legendre polynomial in cos ¢ 33841 The
Monte Carlo forward convolution program simulates any-
where from 10 000 to 100 000 photofragment trajectories to
generate TOF and VAR spectra for specific values for B, x,
and E7. These calculated TOF and VAR basis functions are
then fit to experimental data using a linear least squares fit-
ting routine based on a singular value decomposition (SVD)
algorithm.

C. Direct inversion analysis

Application of the Monte Carlo forward convolution
technique to a polyatomic system can be a formidable task if
the number of product channels available is quite large. The
task of deriving a B parameter is particularly arduous, be-
cause it is typically obtained by trial and error. If the experi-
mental broadening mechanisms are small, as in the present -
experiments, then direct inversion of the experimental data is
possible. Direct inversion methods for transforming raw data
of other experiments have been discussed by Continetti
et al."” and Jarrold et al.**~*

For a distribution of kinetic energy releases, the prob-
ability that the products have a resultant velocity along the
jon-beam axis with a magnitude between v,, and v;,
+dv;, over the axial range v;,<v, for a single kinetic en-
ergy release, Ey is given by
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s P ! !
1o [ 202 [H B
Y2p 2

12

v
3251 ) P,(cos x)
vy

X dvy, (8)

where P(v;) is the product CM velocity distribution, and
B(v}) is the asymmetry parameter as a function of product
CM velocity. At magic angle, y=54.7°, P,(cos x) is equal to
zero, and the derivative of the distribution described by Eq.
(8) yields the useful result

di(v,,) _ P(V§=V£p)’ ©)

’ !
dv,, V2p

which states that the product center of mass velocity distri-
bution can be obtained directly from the derivative of the
velocity transformed TOF spectrum taken at magic angle.
The derivation of Eq. (8) and other applicable velocity ex-
pressions is outlined in the Appendix.

IV. RESULTS
A. Instrument evaluation

The photodissociation of the Ar; cluster ion provides an
excellent means by which to evaluate the instrument re-
sponse. The Ar*+Ar photofragments do not acquire internal
energy apart from spin-orbit excitation, and with vibra-
tionally cold cluster ions, P(v;) is essentially a delta func-
tion. The spectroscopy of the Ary cluster ion is also
favorable.**=! The ultraviolet absorption bands of Ar; in-
volve the parallel 23 ; 23 ¥ transition which has an absorp-
tion maximum at 317 nm.>? The dissociation energy of Ar;
is 1.38+0.05 eV,** and the excited 23, ; correlates with the
formation of Ar™ in the excited 2P/, spin-orbit component
which in turns lies 0.18 eV above the ground state. At 300
nm (4.13 eV), the dissociation occurs almost exclusively on
the purely repulsive 23, ; surface, and the photon energy is
2.57 eV above the dissociation threshold. Thus direct disso-
ciation is an excellent assumption.

Figure 4 shows the LAB axial velocity component dis-
tributions of Ar* following the photoexcitation of Ar2+ at
300 nm with the laser polarization set to magic angle (x
=54.7°). The initial primary ion velocity, v, , is 3850 m/s.
At magic angle, I(v,,) is independent of 3, and a rectangu-
lar distribution centered at v, is expected. Substantial loss
of the ion signal is observed near v;, where v, is large
indicating that the majority of the discrimination is occurring
in the transverse direction. The solid curve in Fig. 4 is the
result of a fit by a linear combination of Monte Carlo for-
ward convolution simulations incorporating a discrimination
step function defined with respect to a transverse velocity of
2500 m/s. The fit of Fig. 4 yields an average CM kinetic
energy release of 2.51+0.09 eV, suggesting that the Ary
ions possess an average internal energy of approximately
0.06 eV consistent with previous studies conducted in this
cluster jon source.”’ As can be seen in Fig. 4, the simple
discrimination function captures the major spectral features
but does not reproduce the small asymmetry. The small
asymmetry in the spectrum is indicative of axial discrimina-
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FIG. 4. LAB axial velocity distribution of Ar* following the photoexcita-
tion of Ar; at 300 nm with the laser polarization at x=54.7° (magic angle).
The solid symbols are the velocity transformed TOF experimental data; the
solid curve is the fitted velocity distribution including discrimination in the
Monte Carlo forward convolution simulations.

tion and arises because the optimal extraction lens and de-
flector plate voltages vary slightly over the extensive veloc-
ity range exhibited between the slow backward-scattered (ca.
1200 m/s) and the fast forward-scattered (ca. 6600 m/s) ions.
For smaller kinetic energy releases, such as for the
(N,0-H,0)* cluster ion shown in Fig. 2, the asymmetry is
much reduced and the axial discrimination is ignored.

In cases where the kinetic energy release is not predict-
able, the variations in the TOF spectrum could be caused by
discrimination and/or the presence of multiple kinetic energy
release channels. Therefore, another analysis method is nec-
essary, and we find the GIB-VAR method to be useful in this
case. Figure 5(a) shows the VAR spectrum of the H,0*
photofragment produced by the photolysis of (N,O-H,0)*

(N,O-H,0) + hy 2239001 1y 64 N,0
(@
B
(b)
&
8
s AN
Uy V \/ N

0 1000 2000 3000 4000
Transverse Velocity, vg (m/s)

FIG. 5. (a) VAR spectrum of H,0" photofragments produced by the 300
nm photolysis of (N,0-H,0)* cluster ions with a beam velocity of 3600
m/s. The laser polarization is perpendicular to the octopole axis. (b) Deriva-
tive of (a).
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cluster at a wavelength of 300 nm and a primary beam ve-
locity of 3600 m/s, and Fig. 5(b) shows the derivative of the
same data. The derivative of the VAR spectrum represents
the probability distribution function for v,, [Eq. (A5) of the
Appendix]. The H,0™" transverse velocity distribution of Fig.
5(b) cuts off sharply at 2500 m/s consistent with the dis-
crimination function used for Ar* in the Ar, study.

The transverse discrimination function was investigated
by varying the photolysis wavelength (photofragment veloc-
jty), the extraction lens aperture diameters, and the primary
ion velocity. The results of these studies suggest that the
discrimination is most likely to occur in the octopole extrac-
tion optics. Experiments performed with both Ar; and
(N,O-H,0)* cluster ions consistently exhibited cutoff ve-
Jocities of approximately 2500 m/s for the primary ion ve-
locity range of 3600 m/s to 3900 m/s used in this study. The
primary beam velocity used represents a compromise be-
tween resolution, collection of backward-scattered ions, and
discrimination. The velocity range chosen provides sufficient
resolution (Fig. 2), collection of all backward-scattered ions,
and minimal discrimination effects. Specifically, using a
combined TOF and VAR analysis, it is determined that the
H,0" product ion is collected at 96% efficiency at 657 nm
and 77% efficiency at 458 nm with an approximately linear
decrease in collection efficiency between these two extremes.
The N,O' and N,OH" products are collected with 100%
efficiency over the entire wavelength range.

B. Photodissociation dynamics of (N,0-H,0)*

Product recoil velocity distributions of  the
N,O"/N,OH* +H,0/0H and H,0" +N,O photodissociation
channels in the 657—458 nm range have been measured us-
ing TOF. The squares shown in Fig. 6(a)—6(c) are the LAB
axial velocity distributions, I(v,,), for N,O*"/N,OH" ionic
photoproducts from the photodissociation of (N,O-H,0)" at
458 nm for laser polarization angles, x, of 54.7°, 0°, and 90°,
respectively. Figure 6(d) and 6(e) is the CM transformed
distribution, I( vél,), of Fig. 6(a) and 6(b), respectively. Note
that after the transformation v5,=|v,,= vy,|, the two sym-
metric portions of the velocity distribution are averaged. The
data of Fig. 6(f) are the difference distribution resulting from
the normalized subtraction of 6(d) from 6(e).

Kinetic energy release distributions are determined from
magic angle measurements. The solid curve in Fig. 6(a) is
the SVD fit of the Monte Carlo forward convolution basis
functions for discrete values of E to the experimental magic
angle data. Kinetic energy release distributions determined at
590 nm, 514 nm, 488 nm, and 458 nm using forward convo-
lution analysis (curves) are shown in Fig. 7 and are com-
pared to distributions determined using direct inversion
analysis (squares) of the same data. The arrows in Fig. 7
indicate the maximum available energy possible for forma-
tion of N,O" which is the difference between the excitation
photon energy and the collision-induced dissociation (CID)
threshold for the production of N,O* +H,0 products of 1.43
+0.12 eV.? The internal energy of the (N,O-H,0)* cluster
ion, estimated at 0.13 eV,29 is not considered in the calcula-
tion which partially accounts for the probability distributions
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FIG. 6. (a) Velocity transformed TOF measurements of N,O*/N,OH" from
the photodissociation of (N,0-H,0)* at 458 nm for x=54.7°. (b) x=0°.
(c) x=90°. (d) and (e) are the CM transforms of (a) and (b), respectively.
(f) Difference distribution, (d) minus (). The solid line in (a) is a SVD fit of
the Monte Carlo forward convolution basis functions to the data. The solid
curves in {b)—(e) are Monte Carlo forward convolution simulations includ-
ing discrimination. The dashed line in (f) marks zero probability, and the
solid curve is a (B) fit of Eq. (8) to the data assuming the kinetic energy
release distribution obtained from (d).

extending past the maximum available energy.

The kinetic energy release distributions for the
N,0*/N,OH*+H,0/OH product channels shown in Fig. 7
are bimodal with a narrow, low-energy feature peaking be-
low 0.2 eV and a much broader feature peaking at higher
energy. Graul et al.*! measured the visible photodissociation
dynamics of this cluster ion in a reverse-geometry sector
mass spectrometer experiment and resolved the two product
channels. These authors observed that the kinetic energy re-

N,O"/IN,OH" Probability, P(E;)

0.0 0

0.0 5 10
Er (eV, CM)

0.5 1.0
Er(eV, CM)
FIG. 7. CM kinetic energy release distributions for N,O0*/N,OH" +H,0/0H
produced from the photodissociation of (N,O-H,0)* at 590 nm, 514 nm,
488 nm, and 458 nm. The arrows in the figure indicate the maximum avail-
able energy possible for formation of N,O0"+H,0.
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TABLE 1I. Average asymmetry parameter, (8), and average kinetic energy release, (E7), for (N;0-H,0)* +hv—N,0*/N,OH* +H,0/OH.

Forward convolution

Direct inversion Graul et al.®

A (B” (E7) (En)® (B) (Er) (Er)® (B) (Er)
590 nm 1.1 0.26 0.27 0.74%+0.12 0.29+0.04 0.31£0.05 1.0 0.35
514 nm 13 0.50 0.52 1.09+0.05 0.49+0.05 0.51£0.05 1.1 0.50
488 nm 1.2 0.53 0.54 1.14%0.05 0.55+0.05 0.56+0.06 1.2 0.58
458 nm 1.5 0.57 0.59 1.30+0.04 0.59+0.06 0.61+0.07 1.3 0.65

?Error for all values is *+0.2.
bCorrected for N,OH* +OH contribution.
‘Reference 31, error not reported.

Jease distributions for N OH* +OH products peak near zero
energy and drop off approximately exponentially with en-
ergy and that the kinetic energy release distribution for
N,0"+H,0 products is roughly triangular and peaked far
from zero kinetic energy release. Fitting the two features of
the bimodal distributions of Fig. 7 to a linear combination of
an exponential and Gaussian function, respectively, yields
relative probabilities of the two features as a function of
wavelength closely approximating the relative photodissocia-
tion cross sections for the production of N,OH* and N,0*
reported by Williams et al.* Therefore, we attribute the low-
energy feature to the production of N;OH* +OH photoprod-
ucts and the high-energy feature to the production of
N,0*+H,0 photoproducts. Table II lists the results for
N,0*/N,OH" +H,0/0H products obtained by the Monte
Carlo forward convolution and direct inversion analysis
methods and compares them with the results measured by
Graul et al.’! The average kinetic energy releases measured
for N,O*+H,0 products are corrected for the contribution
of N,OH™" +OH products using the relative photodissociation
branching ratios measured by Williams et al.*® and the aver-
age kinetic energy releases for the production of
N,OH* +OH products measured by Graul et al!

The asymmetry parameter averaged over Er, i.e., (), is
obtained by modeling data taken at y=0° and y=90°. The
solid lines of Fig. 6(b) and 6(c) are Monte Carlo simulations
using the kinetic energy release distribution obtained from
the data of 6(a) and an optimized value for (8) of 1.5. In the
direct inversion analysis method, velocity distributions taken
at y=0° and y=54.7° are modeled with Eq. (8) to obtain (8).
Note that the first term in Eq. (8) represents the velocity
distribution taken at magic angle, and it is convenient to
subtract this contribution to yield a function that is propor-
tional to (B). The solid curve in Fig. 6(f) shows the results of
the fit to the difference distribution. The fitted curve has error
bars which correspond to the propagated error associated
with the Kinetic energy release coefficients derived from the
direct inversion analysis of the data shown in 6(c). The val-
ues of (B) obtained by both analysis methods for
N,0*/N,OH"+H,0/0H products and those for the
N,0*+H,0 products reported by Graul eral’' for data
taken at excitation wavelengths of 590 nm, 514 nm, 488 nm,
and 458 nm are recorded in Table II. The contribution of the
N,OH" +OH channel to {8) is small compared to the contri-
bution of the N,O* +H,O channel as evidenced by the close

agreement between our values with those of Graul ef al® in
Table II.

LAB axial velocity distributions, /(»,,), for H,0" pro-
duced in (N,0-H,0)* photodissociation at 488 nm are
shown as solid circles in Fig. 8(a)—8(c) for laser polarization
angles of 54.7°, 0°, and 90°, respectively. Figure 8(c) and
8(e) are the CM transformed distributions, I( vép), of Fig.
8(a) and 8(b), respectively. The data of Fig. 8(f) is the dif-
ference distribution resulting from the subtraction of 8(d)
from 8(c). The analysis methods for the H,0" photofrag-
ment are the same as those applied to the N,0*/N,OH"
photofragment with the exception that prior to applying the
direct inversion method, the raw data taken at magic angle is
corrected for discrimination. This correction is based on the

HZO+ Intensity at 488 nm (Arb. Units)
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FIG. 8. (a) Velocity transformed TOF measurements of H,0" from the
photodissociation of (N,0-H,0)* at 488 nm for y=54.7°. (b) x=0°.
(c) x=90°. (d) is the CM transform of (a) corrected for discrimination. (e} is
the CM transform of (b). (f) Difference distribution, (d) minus (e). The solid
line in (a) is a SVD fit of the Monte Carlo forward convolution basis func-
tions to the data. The solid curves in (b)-(e) are Monte Carlo forward
convolution simulations including discrimination. The dashed line in (f)
marks zero probability, and the solid curve is a (B) fit of Eq. (8) to the data
assuming the kinetic energy release distribution obtained from (d).
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TABLE III. Average asymmetry parameter, (8), and average kinetic energy
release, (E7), for (N,O-H,0)" + hv—H,0" +N,0.

Forward convolution Direct inversion Graul et al.®

A B° (Er) B (Ep) (B (En)
657nm 09 030  0.88+0.08 0.35%0.05 0.30
590 nm 1.1 039  1.04+0.09 044=0.07 0.38
514nm 14 058  141*0.07 062x009 11 051

0.65+£0.10 1.1 0.57
0.71+0.13 0.66

1.38+0.06
1.52%+0.13

488 nm 14 0.62
458 nm 1.5 0.68

?Error for all values is =0.2.
bReference 31, error not reported.

signal intensity expressions of Egs. (8) and (9) which show
that the signal intensity for the ith axial velocity component,
I(v},;)). contributes equally at CM velocities v,
< vép( i+ Assuming that the transverse velocity discrimina-
tion function is a step function occurring at v,,=v,, where
v, is the cutoff velocity, the signal intensity for axial velocity

components less than vépz(i)— v will be diminished by an
amount [( Vép(i)). The correction is applied starting at
V) p(y= Vmax @nd stopping at v;,,=v, . The magnitude of
the correction is relatively small as shown by the difference
between the corrected data and the simulation including dis-
crimination shown in Fig. 8(d). The raw data taken at y=0°
cannot be corrected for discrimination without using a spe-
cific value of {B). Fortunately, the correction is negligible at
this angle, because the majority of the photoproducts are
either forward or backward scattered ((8)~1.4), i.e., the pho-
toproducts have small transverse velocity components and
few are lost. The opposite is true for the data taken at y=90°.

The results for the average asymmetry parameter and
average kinetic energy release for the H,O™ photofragment
using the Monte Carlo forward convolution and direct inver-
sion analysis methods are shown in Table III along with the
results obtained by Graul et al! The kinetic energy release
distributions obtained at 657 nm, 590 nm, 514 nm, 488 nm,
and 458 nm are shown in Fig. 9. The arrows in Fig. 9 indi-
cate the maximum available energy possible for formation of
H,0* ()? 2B,) which is the difference between the excita-
tion photon energy and the previously reported CID thresh-
old for the production of H,0" +N,O products of 1.04+0.06
¢V.?? The probability distributions are consistent with the
maximum available energy, particularly if the internal en-
ergy of the cluster ion is considered. The arrows marked with
an asterisk indicate the maximum available energy possible
for formation of H,O* (g 2A ) which becomes energetically
feasible at 548 nm.

The determination of B(E7) requires doubly differential
measurements such as the combined TOF and VAR ap-
proach outlined in the Appendix. In the absence of doubly
differential measurements, Jarrold, Illies, and Bowers* have
pointed out that trends in B as a function of E7 can be ob-
tained by allowing the function B(v;) of Eq. (8) to be ap-
proximated by a polynomial expansion. The error associated
with B(vé) using this approximation, however, increases
rapidly with increasing order of the polynomial, because vy »
and y are not independent variables. When S(v;) is approxi-
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FIG. 9. CM kinetic energy release distributions for H,0% +N,0 produced
from the photodissociation of (NZO-H20)+ at 657 nm, 590 nm, 514 nm,
488 nm, and 458 nm. The arrows in the figure indicate the maximum avail-

able energy possible for formation of H20+()? 2B,)+N,0, and the arrows
marked with an asterisk indicate the maximum available energy possible for

formation of H,0" (4 24,)+N,0.

mated by a first order polynomial (line), the error is small
enough to discuss general trends in B as a function of Ey.
The results presented below are obtained by assuming a lin-
ear dependence for B(v;) in Eq. (8), and the resulting ex-
pression is used to analyze difference velocity distributions
such as those shown in Figs. 6(f) and 8(f)

The asymmetry parameter for the N,O*/N,OH" kinetic
energy release distributions increases from low to high en-
ergy for all excitation wavelengths studied. This result is
consistent with the previous studies by Graul et al®! where
the N,OH*+OH products were observed to form via a dis-
sociation involving a long-lived intermediate (low anisotro-
py), and the N,O" +H,0 products exhibited characteristics
of a direct dissociation (high anisotropy). Since the low-
energy feature is attributed to the production of N,OH*+OH
and the high-energy feature to the production of N,0*+H,0
in this study, an increase in B as a function of energy is
expected. Figure 10 shows the plot of B(E7) associated with
the production of H,0" +N,O products for excitation wave-
lengths of 657 nm, 514 nm, and 458 nm. The results of Fig.
10 are obtained by allowing B to vary linearly with velocity,
hence, the curvature in Fig. 10 arises from plotting the re-
sults as a function of energy. The asymmetry parameter at
657 nm has values of 0.5 at low kinetic energy release, 1.2 at
high kinetic energy release, and 0.9 on average. This sharp
increase in B is contrasted by the lack of energy dependence
of the data taken at 458 nm which does not deviate signifi-
cantly from the average value of 1.5. Data taken at wave-
lengths between 657 nm and 458 nm are intermediate to
these two extremes as exemplified by the 514 nm data also
shown in Fig. 10.
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FIG. 10. Asymmetry paramecter B(Ey) associated with the production of
H,0* +N,0 products for excitation wavelengths of 458 nm, 514 nm, and
657 nm.

V. DISCUSSION

We have demonstrated that the GIB-TOF technique is
suitable for determining photodissociation product recoil ve-
locity and angular distributions. The present results for
(N,O-H,0)" photolysis obtained in a GIB apparatus com-
pare favorably to the measurements conducted by Graul
et al.>! in a reverse-geometry sector mass spectrometer. The
majority of the H,0" and N,O" fragments are produced
with large recoil velocities and high degrees of anisotropy.
Product recoil velocity distributions with these characteris-
tics are consistent with excitation to a repulsive surface fol-
lowed by rapid dissociation. One possibility, as suggested by
Graul et al.,”! is that the excited repulsive surface correlates
with H20+()} 2B,)+N,0 products and crosses a bound sur-
face correlating with the N,O™+H,0O products. In this sce-
nario, the N,O moiety is the charge carrier in the ground
state, and the photoexcitiation initiates a charge transfer re-
action where H,O" becomes the charge carrier. As the sys-
tem enters the crossing region, a second charge transfer may
occur to produce N,O*+H,0, or the system may continue
on the repulsive surface to produce H20+(§ 2B))+N,0.
This mechanism explains the similarity in the photodissocia-
tion dynamics observed in these two product channels and
the relatively energy-independent branching ratios.?*

The most significant differences between this study and
that of Graul et al.*! are found in the results observed for the
H,O"+N,O product channel where the determined values
for (B) and (E) are higher. Furthermore, a bimodal distri-
bution is observed at all wavelengths in this study for the
formation of Hy0"+N,0O products, whereas Graul et al®!
only observed a bimodal kinetic energy release distribution
at 657 nm. As noted in our previous publication,®® we ob-
serve H,O" to be the most abundant ion produced in the
visible photodissociation of the (N,O-H,0) cluster ion
contrary to Graul et al.®! who report that N,O™ is the most
abundant ionic photoproduct. Both experiments measure an
essentially wavelength independent branching ratio, how-
ever, our measurements indicate an average HyO™" branching
ratio of 64% which is approximately twice the 35% value
reported by Graul et al®! Excessive transverse discrimina-
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tion, possibly occurring at the entrance slit of the electro-
static energy analyzer, could reduce the detection sensitivity
in their experiments. These authors state that the Monte
Carlo forward convolution method used to analyze their data
included effects of discrimination, and indeed, the average
kinetic energy release obtained by these authors is in general
agreement with our results shown in Table III. This finding
suggests that the correction used by Graul ef al®' partially
accounts for the discrimination in their experiments but is
not sufficient to recover the low-energy feature which ap-
pears in the region of their energy spectra that would suffer
the most from transverse discrimination. The observation of
a low-energy feature at all wavelengths in this study changes
the previous interpretation of the photodissociation dynam-
ics.

The bimodality suggests that other dissociation pathways
exists for the production of H,O" fragments. Graul et al
observed that the production of N;OH™ +OH products is as-
sociated with a small asymmetry parameter and that the in-
ternal energy of the dissociated species is statistically distrib-
uted. Furthermore, deuterium isotope studies conducted in
this laboratory indicate that the N,OH™ moiety is formed
from photoinduced proton transfer reactions.*® One scenario
put forward by Graul et al.®! is that the N,OH* +OH prod-
ucts arise from excitation to a bound upper state followed by
internal conversion to the ground state surface to form a
vibrationally excited cluster ion. This vibrationally excited
ion can then either undergo proton transfer to produce
N,OH"+OH products or predissociate to produce
H,0" +N,0 products. If vibrational predissociation is occur-
ring on the ground state surface, a contribution of a low
energy, statistically partitioned H,O" +N,O products at ex-
citation wavelengths paralleling the persistent formation of
the N,OH*+OH products is expected. This scenario was
discounted by Graul er al.¥! since the low-energy feature was
not observed. A predissociation mechanism, however, is
consistent with the small asymmetry at low kinetic energy
releases shown in Fig. 10 at long wavelengths where the
branching ratio for the formation of N,OH* +OH products is
large:st.30

At 458 nm, the B parameter of both the high- and the
low-energy features is large. In this case, the low-energy
feature can be attributed to highly excited, rapidly dissociat-
ing products. Given the short time allowed for rovibrational
redistribution, it is likely that one or both of the products are
electronically excited. The only energetically accessible
product electronic state is H20+(X %A ). Therefore, we sug-
gest that at the wavelengths below 548 nm, excitation to a
minimum of two repulsive surfaces, one correlating to
H,0" (X 2B,)+N,0 and another to H,0" (A 24,)+N,0, is
observed. Consequently, we attribute the low-energy feature
primarily to formation of H20+()? 2B,)+N,0 via a statisti-
cal dissociation (low anisotropy) at long wavelengths and of
H,0%(A 2A,)+N,O via a direct dissociation (high anisot-
ropy) at short wavelengths.

The observation of N,O*+H,0 and H,0" +N,O prod-
ucts with large kinetic energy releases and high degrees of
asymmetry implies an impulsive mechanism. We assume a
pseudodiatomic impulsive model**! for a polyatomic ion
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AB™ where the average kinetic energy released to the frag-
ments, (E7), is related to the available energy, Eyai s by

(ET)=(F'a//J‘f)Eavail’ (10)

where pu, is the reduced mass of the atoms through which
AB™ is associated and u; is the reduced mass of the frag-
ments A and B™. The available energy is expressed as

E,a=hvtEn—Eg, (1

avail ™
where hv is the photon energy, Ej, is the internal energy of
the AB* polyatomic ion before photolysis, and E, is the
dissociation threshold at zero Kelvin. Based on a previous
study,29 the (N,0-H,0)* cluster ions produced in our source
have an internal energy of approximately 0.13 eV.

A plot of the average kinetic energy releases for the
N,0*+H,0 and H,0" +N,O fragments as a function of ex-
citation photon energy yields a linear relationship confirming
that the dynamics are described by an impulsive mechanism.
A linear regression analysis of the N,0"+H,0 product
channel yields a reduced mass ratio, u,/us, of 0.52:0.07
and a value of 1.36+0.36 eV for E,. Likewise, a linear
regression analysis of the H,0"+N,0 product channel
yields a reduced mass ratio, u,/uys, of 0.47%0.03 and a
value of 1.02+0.15 eV for E;. The slopes of the two lines
corresponding to a reduced mass ratio of 0.5 indicate that
approximately half of the available energy is partitioned into
translation and that the dissociation occurs between two
heavy atoms since u,/u;~0.6 for an O—O or an O-N dis-
sociation. This result is consistent with recent ab initio struc-
ture calculations.> Note that a much smaller fraction of the
available energy would be partitioned into translation if the
dissociation occurred between an O—H or a N-H coordinate
because w,/ums~0.07. The dissociation thresholds at zero
Kelvin for N,O™+H,0 products and H,O" +N,O products
obtained here agree well with the previously reported thresh-
olds of 1.43+0.12 eV and 1.04:0.06 eV obtained from low-
energy CID studies.”” We note that there are two spin-orbit
components of the N,O" ion separated by 0.016 eV asso-
ciated with the two lowest dissociation limits of
N,O* +H,0. This energy difference is less than our experi-
mental resolution, and hence, only one threshold is reported.

VI. CONCLUSIONS

The information obtained using the GIB technique in-
cludes reaction cross sections, complex lifetimes, isotopic
scrambling, distinct reaction pathways, reaction barriers,
photodissociation cross sections, and reaction mechanisms.
The present work adds photofragment recoil analysis to the
extensive list of GIB capabilities, further improving the ver-
satility of this technique. The present recoil velocity mea-
surements of Ar; and (N,0-H,0)" photolysis demonstrate
that octopole ion guides are readily amenable to photodisso-
ciation dynamics studies. Two techniques have been pro-
posed to characterize the photofragment ion recoil velocity
distribution in this experimental setup that benefits from cy-
lindrical symmetry: the GIB-TOF technique to determine
P(v,,) and the GIB-VAR technique to measure P(v;,).

In the present GIB-TOF measurements, the laser is
propagated transverse to the ion-beam axis, and conse-
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quently the observed P(v,,) depends on the laser polariza-
tion angle. High resolution kinetic energy release distribu-
tions are obtained from magic angle measurements. The laser
polarization angle dependence allows the average asymmetry
parameter, (B), describing the angular distribution to be ob-
tained. The axial velocity component and the laser polariza-
tion angle are not independent variables and hence cannot be
used to determine B(E7). However, general trends in B(E7)
can be obtained as shown in Fig. 10. A truly doubly differ-
ential measurement providing the kinetic energy release de-
pendence of the asymmetry parameter, S(Ey), requires the
additional determination of P(w,,). In principle, P(v,,) can
be provided by the GIB-VAR technique. The GIB-VAR
technique is subject to high degrees of kinematic averaging
in the present study and is very sensitive to discrimination
with respect to high v,, components. Therefore, GIB-VAR is
used here to determine the transverse velocity discrimination
function for each photofragment ion at the conditions of a
GIB-TOF experiment.

The results for the (N,0-H,0)* photofragment analysis
obtained using this new methodology compare favorably to
measurements conducted in a reverse-geometry sector mass
spectrometer,31 and additional, previously undetected fea-
tures could be discerned in the H,0" +N,O product channel.
Specifically, the translational energy distributions of the
H,0*+N,0 photoproducts are bimodal at all wavelengths
studied, contrary to previous observations. From the ob-
served photofragment ion translational energy and angular
distributions, we deduce a minimum of three separate
mechanisms for the formation H,0" fragments. First, rapid
dissociation on a repulsive surface correlating to
H20+(}? 2B,)+N,0. Second, predissociation of a long
lived intermediate resulting in the formation of
H,0" (X 2B,)+N,0 products. Third, rapid dissociation
Jeading to the production of electronically excited
H,0" (A %A,) and N,0.
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APPENDIX

Equations enabling the direct transformation of LAB
frame GIB-TOF and GIB-VAR experimental data to param-
eters that describe the photodissociation event in the €M
frame are derived. The equations apply to experiments where
the primary ion-beam axial and transverse velocity widths
are negligible, the primary ions are photolyzed near the oc-
topole axis so the corrections expressed by Egs. (5) and (6)
are small, and no dc potential difference is applied to the
rods (rf-only) so that v;, is equal to zero in the absence of
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potential distortions. The derivation is simplified by translat-
ing the LAB frame origin along the Z axis and setting vy,
equal to zero. In this case, v,=v;.

Referring to Fig. 3, the following transformations are
obtained:

Vaz=vy C08 0, vyxy=v; sin 6, (A1)
and
cos B’ =cos 6 cos y—sin 8 cos ¢ sin y. (A2)
Substituting Eq. (A2) into Eq. (7), and integrating the result-
ing expression over ¢ yields the familiar expression*>36-38
P(6)sin 6 d8=(1/2)[1+ BP,(cos ) P,(cos x)]
Xsin 6 d6. (A3)

Note that for y=0, the LAB and CM frames are identical,
and Eq. (A3) reduces to the expression of Eq. (7) integrated
over ¢' as expected.

Equation (A1) is used to relate Eq. (A3) to the LAB
frame TOF observable, and the resulting expression describ-
ing differential TOF measurements is

d 2
V22[1+E(3 2z

P(vyz)dv,z= 20 2 | ?%2

)Pz(COS x) |
(A4)

which expresses the probability that the products have a re-
sultant velocity along the ion-beam axis with a magnitude
between vzz and v,;+dv,; over the axial range —v,
<w,,<v; for a single kinetic energy release, Er. For a
distribution of kinetic energy releases, the probability ex-
pression of Eq. (A4) becomes Eq. (8)
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B(v7)
2

o0 1) !
(v2) [1+

I( vép): VI
2

V2p
/2

3—5 2p )Pz(cos X)
2

X d VZ El (8)

where the substitution v,,=|v,z| has been made based on
symmetry arguments.

Similarly, Eq. (A1) is used to relate Eq. (A3) to the LAB
frame VAR observable yielding the following expression for
differential VAR measurements

p(V' )dv' zd_yéiv—ét
B[, =
1+5 3—"——1;7‘_—1 PZ(COSX) ,
2
(AS)

where the substitutions v},=|voxy| and v, =}’ v’
have been made. In Eq. (A5), P(v,,)dv;, is the probability
that the products have a resultant velocity perpendicular to
the ion-beam axis with a magnitude between v}, and vy,
+dv;, over the transverse velocity range v;,<v,. As dis-
cussed in Sec. II B of the text, VAR experiments measure the
integral of the probability distribution function defined in Eq.
(AS) over v},. Performing the integration yields the follow-
ing expression for the VAR signal intensity for a single ki-
netic energy release

2 2 [72_ 72
Vé - Vét V,’; - Vér
1—- - +— Pz(cos X)

1( Vzt) - 2 V2
I

For a distribution of discrete kinetic energy releases, the ex-
pression of Eq. (A6) becomes

1(ry) = fO”Z'P(vs)dvé
.\ f V;,{ - V2= vj?
Vz

P(v))dv,

, 2 2
VZI .B( 2) ’ - Vét
2]

——— P,(cos x)

oo

Véz— vy o
X| 1= ———5——|P(v,)dv,. (A7)
vV

Doubly differential measurements are obtained by taking
a VAR spectrum at each TOF interval corresponding to a
parallel velocity component, vép . The derivative of Eq. (A7)
evaluated at a constant value of vép is

- (V v2t o
2 ) VysVy.

vy (A6)
[
dil(v),) v, vy
Wl b —ZHI——Z—’—’}
dv,, y v, 129
2p
VI V’ 12
+ﬁ( 2) o 2’1){1_ ?12)“,
:Z 1/2 1/2
(A8)

where 5= 57+ vépz. Note the limits of integration in de-
riving Eq. (A8) from Eq. (A7) are from ® to w2+ v;ﬁ_pz
since v, is constant. Equation (A8) shows that a doubly
differential VAR measurement contains information regard-
ing the CM kinetic energy release distribution (both terms)
and the angular distribution as a function of E; (second
term). Several doubly differential VAR measurements taken
over the desired range of vép are necessary to fully charac-
terize the angular anisotropy of the photolysis event as a
function of Ey.
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The expressions presented above are used to validate the
Monte Carlo forward convolution programs discussed in the
text.
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Guided-ion beam cross section and product ion time-of-flight (TOF) measurements are presented for
the O; Q! ) T CoH, reaction over the center-of-mass collision energy range of 0.05-12 eV. The
reaction exhibits a strong charge-transfer (CT) channel and several weak chemical reaction channels
leading to the following product ions: C,H,0*, CHJ, COH*/HCO*, CO*, CH", and C*. The
magnitude of the charge-transfer cross section is comparable to the capture cross section at low
collision energies. The charge-transfer products are characterized predominantly by a direct,
long-range mechanism that is accompanied by smaller impact parameter collisions involving
longer-lived complexes, whose lifetimes are several times shorter than the complex rotational
period. The TOF analysis indicates that the complexes also decay to chemical reaction products at
higher energies. A density functional survey of intermediates is conducted. The chemical reaction
products are postulated to be formed via an endothermic transition state associated with a HyCCO;
intermediate. © 1999 American Institute of Physics. [$0021-9606(99)00309-8]

I. INTRODUCTION

There has been a renewed interest in elucidating the de-
tailed dynamics of ion collisions with small organic mol-
ecules. This has been partly fueled by new insights obtained
in recent studies'™ using the guided-ion beam (GIB)
technique.9 The number of organic ion-molecule reaction
studies has been limited because of the large number of open
reaction channels, the ionic products of which frequently un-
dergo rapid secondary reactions with the neutral reactant.
Secondary reactions can be problematic in conventional
flowing afterglow'® or single octopole GIB experiments if
product branching ratios are of interest. In a GIB experiment
this problem is overcome through the use of a second octo-
pole that is situated immediately after the collision cell and
that is floated at a dc bias potential different from that of the
first octopole. Consequently, slow product ions [e.g., charge-
transfer (CT) product ions] can be accelerated to higher ki-
netic energies as they exit the collision cell and enter the
second octopole, thereby substantially reducing the second-
ary ion residence times and reaction rates. Furthermore, the
addition of a second octopole allows the measurement of
product ion time-of-flight spectra, thus providing a means for
investigating the energy transfer in the respective channels.
Such a versatile guided-ion beam experiment is, therefore, an
ideal technique for studying the dynamics of individual and
competing reaction channels of organic ion-molecule sys-
tems at near-thermal to hyperthermal collision energies.

In this work, we present GIB cross section and TOF
measurements for the 0; (Xzﬂg)+C2H2 reaction over the
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collision energy range of 0.05-12 eV. This work is a con-
tinuation of a series of studies on reactions between atmo-
spheric ions and spacecraft engine exhaust molecules, such
as HCN and C,H,.%!! The induction of polyatomic species
in space can have profound consequences on the spacecraft
environment.'? In a recent study of the O*(*S)+C,H, colli-
sion system,6 we found that even though nine product ion
mass channels are open at thermal collision energies, the
total near-thermal reactivity is more than two orders of mag-
nitude lower than the collisional rate, and that both charge
transfer and the observed chemical reactions proceeded pref-
erentially via an excited quartet surface, despite numerous
stable intermediates. It is, therefore, interesting to investigate
whether other ion-acetylene reactions also exhibit such
highly nonstatistical behavior.

Contrary to the O*(*S)+C,H, reaction, the O, +C,H,
reaction system includes a charge-transfer channel with fa-
vorable Franck-Condon factors. This usually leads to an ef-
ficient long-range charge-transfer mechanism producing
slow product ions that are subject to secondary reactions.
Meanwhile, as in the O*(*S)-+C,H, collision system, a num-
ber of chemical reaction channels are accessible at low col-

lision energies with the following energetics (298 K):13-16
05 (X Iy +CHy('5,)
—CH; (X 2T1,) +0y(X 33 )+0.67 eV 1)
—HCCOH*+0+1.13 eV (2a)
—CH,CO*+0+2.70 eV (2b)
—CH, +CO,+4.11 eV (3a)
—CH; +CO+0-1.33 eV (3b)

© 1999 American Institute of Physics
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—COH*+HCO0O+3.94 eV (4a)
—COH*+H+CO0+3.30 eV (4b)
—HCO*"+HCO+5.34 eV (5a)
—HCO*+H+CO+4.70 eV (5b)
—CO*+CH,0+2.66 eV (6a)
—CO*+CO+H,+1.61 eV (6b)
—COT+H+HCO—-1.13 eV (6¢)
—CO*+CH,+0-5.02 eV : (6d)
—CH*+H+CO0,—0.55 eV (7a)
—CH*+0OH+CO—-1.61 eV (7b)
—C*+CH,0+0-5.62 eV (8a)
—CTY+OH+H+C0O—5.68 eV. (8b)

Given the substantially higher exothermicities of channels
(2) through (6) compared with the CT channel [reaction D],
competition may be expected between charge transfer and
chemical reaction at low collision energies. Except for an
early study of the endothermic 0; +C,D, deuterium atom
transfer reaction by Chiang et al.,!" no hyperthermal studies
are known to us on the O, +C,H, reaction. While the
0*(*S)+C,H, collision system is dominated by short-range
dynamics, the present study involves a reaction where both
long- and short-range interactions play an important role.

Il. EXPERIMENT

The guided-ion beam apparatus and data analysis meth-
ods used in this study have been described elsewhere.” Only
a brief description will be given here. The primary O;’ beam
is produced in the ground state by electron impact ionization
of O, with an electron energy <15 eV. The 02+ beam thereby
produced is vibrationally excited with relative populations
for y=0—4 of approximately 0.16:0.32:0.33:0.16:0.03, de-
rived from the ionization Franck-Condon factors taken from
the O, photoelectron spectrum.'® The kinetic energy spread
of the primary beam is ~0.2 eV full width at half maximum
(FWHM). After mass selection in a Wien velocity filter, the
ion beam is injected into a two-segment radio frequency (rf)
octopole ion guide. The first octopole passes through a 3.5
cm long collision cell. in which the C,H, target gas is main-
tained at a pressure of ~0.2 mTorr to ensure single collision
conditions. Prior to entering the cell. the C,H, (Matheson,
99.6%) is passed through a cold trap to remove an acetone
impurity. The unreacted primary and product ions are guided
into the second 16.7 c¢m long octopole. which is biased
~0.3-0.4 eV lower than the first octopole. This bias accel-
erates slow product ions to Kinctic energies sufficient to
overcome local barriers resulting from inhomogeneities of
octopole rod surface potentials. When necessary. a positive
potential of ~30-50 V is applied to a cylindrical ring elec-
trode surrounding the octopole at the entrance of the colli-
sion cell, producing a small potential barrier of ~60-100
mV along the axis of the octopole that reflects laboratory
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backscattered ions into the forward direction. At the exit of
the second octopole, all ions are extracted and focused into a
quadrupole mass analyzer and then detected by a channel
electron multiplier.

The collision energy is varied by changing the dc bias of
the collision cell and first octopole with respect to the ion
source. The absolute integral cross section for product i, o,
is determined from the following equation:

Iprod,i ) (9)
Iprim+ 2 Iprod,i) nl

g;=

where [, is the primary ion O, intensity, » is the number
density of the neutral C,H, target, I;roq; is the intensity of
product ion i, and [ is the effective length of the primary
jon-neutral interaction region. The effective length is deter-
mined as described elsewhere.”!® The uncertainty of the ab-
solute cross section is estimated to be =30%.

To measure product ion TOF spectra, ~3-4 us wide
primary ion pulses are generated by pulsing a split pair de-
flector electrode in front of the octopole injection lens, and
the ion flight times are recorded using a time-to-digital con-
verter. To avoid background signals, the 1f voltage on the
octopole is briefly switched off prior to each cycle to purge
slow jons formed by previous primary ion pulses. The frac-
tion of those slow ions that have not been recorded is ob-
tained by determining the difference between the cross sec-
tion measured in the continuous wave (CW) mode and that
measured in the pulsed TOF mode. The accumulated product
TOF spectra are transformed into laboratory axial velocity
distributions, f( V{ p), where V{ » is the product ion laboratory
velocity component parallel to the octopole ion-guide axis.”

Despite the double octopole arrangement in the present
study, products attributable to secondary reactions are ob-
served. They are confirmed by comparing the cross sections
measured under CW and pulsed TOF conditions, and by ex-
amining the target pressure dependence. We find that essen-
tially all the observed secondary products are attributable to
slow charge transfer product ions, C,H,, that react with the
target gas

C,H; +C,H,—CH; +H, (10a)
CH; +C,H,—CH; +H (10b)
C,H; +C,H,—C,H; +C,H (10c)
CH; +C,H,—CgH; +H, (11a)
CH7 +C,H,—CH; +H. (11b)

The rate constants for reactions (10a)—(11b) are on the order
of 1072, 107°, 10™", 10~", 10~ molecule™ cm®s~",
respectively.?’ Since the secondary reaction products cannot
be eliminated at practical C,H, gas pressures, we measure
the cross sections of each secondary product and present the
total charge-transfer cross section as the sum of cross sec-
tions of the above secondary reaction products [i.e., reactions

(102)—(11b)].
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FIG. 1. (a) Energy dependence of integral cross sections for the main prod-
uct ions of the O5 +C,H, collisions, C,H; (0), C,;H,0%(V), CH; (0), and
COH*/HCO™(A). The solid line is a fit of Eq. (12) to the CT cross section.
The capture cross section (LGS) is also indicated by a dotted line. (b) En-
ergy dependence of integral cross sections for minor products, CO*(A),
CH*(H), and C*(@).

lIl. RESULTS
A. Cross section measurements

The collision energy dependence of the integral cross
sections for the products formed in the reaction of 0; +C,H,
are shown in Figs. 1(a) and 1(b). Note that the CZH;r cross
section shown in the figure includes the contributions of sec-
ondary products mentioned above. This is justified by the
fact that the cross section of C,H, and secondary products
exhibit near-identical energy dependences. The secondary
products C,H; and C,H; comprise ~25%, and C¢H; and
CeH; ~3% of the C,H; cross section. The cross section of
m/z=27 products, C,H; and BCCH;, is ~2% of the C,H;
cross section. This is close to the m/z=27 natural isotopic
abundance of acetylene. Therefore the contribution from re-
action (10c) is negligible as expected from the small rate
coefficient.

Also indicated in Fig. 1(a) is the Langevin-Gioumousis-
Stevens (LGS) capture cross section (dotted line) for an ion-
induced dipole interaction,?! which is comparable to the total
cross section at low collision energies. The CT cross section
can be modeled by a combination of a constant cross section
and an E; % energy dependence (energy in V)

chT=a+bE;0'5. (12)

The solid line represents a fit to the experimental cross sec-
tions, where a=30.3A% and b=10A%eV®S. In the LGS
model (a=0), b is 31.5 A2 eV°? for ion+C,H, capture col-
lisions.

All reaction product channels are observed to have
cross sections less or equal to 2 A? in the collision energy
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FIG. 2. Expanded view of low-energy CH; cross section. The solid line is
a modified line-of-centers threshold function corresponding to the listed fit
parameters. The average internal energy of 05 is ~0.48 eV and has been
taken into account in the indicated threshold.

range investigated. Although exothermic, CH; , C,H,0" and
COH*/HCO" channels exhibit increases in cross section
with collision energy at low energies. The CH; cross section
appears to have a threshold near ~1 eV, then peaks at ~5
eV, before declining with collision energy. The C,H,0"
cross section is approximately 0.3 A? below 0.5 eV, above
which it increases to 0.8 A% at ~1.8 eV before rapidly de-
creasing with energy. The COH*/HCO™ cross section is also
small at low energies, and increases gradually to a near con-
stant value of ~1 A? at higher energies. The cross sections of
minor products CO*, C*, and CH* shown in Fig. 1(b) are
considerably smaller at low energies. Unlike C* and CH*,
which have onsets of ~6 and ~0.9 eV, respectively, CO% is
produced at near-thermal energies and increases gradually
with collision energy, reaching ~0.25 A?at ~12 eV,

The modified line-of-centers model is employed to de-
termine the energy onsets of reaction products. The data are
fitted by the model threshold function

(Er+E;—Ey)"

o (13)

O'(ET):O'OZ 8i

where E, is the threshold energy, oy is a scaling parameter,
and » is a curvature parameter. The sum is over reactant
internal states with energies E; and populations g;. The fit-
ting routine includes convoluting the experimental collision
energy distribution with Eq. (13).” An expanded view of the
modeled CH; cross section is shown in Fig. 2. Threshold
energies (0 K) of 1.34+0.15, 1.5+0.9, and 6.4+0.7eV are
determined for the CH,, CH® and C* products, respec-
tively. The energy threshold of CH; is close to that of reac-
tion (3b), while that of CH" is consistent with reaction (7b).
The derived C™ threshold is slightly above that of reactions
(8a) and (8b). Note that the average internal energy of Oy is
~0.48 eV and has been taken into account in the present
thresholds.
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FIG. 3. Axial velocity distributions of the C,H; product ions as a function
of collision energy. The vertical dashed lines in each collision energy frame
indicate v,y and v, the center-of-mass and maximum energetically al-
lowed velocities. The solid lines are linear least square fits of basis functions
calculated using the osculating complex model.

B. TOF measurements and analysis

Product ion velocity-transformed TOF distributions,
f(v »)» are shown for different collision energies in Figs. 3,
5 and 6. In each frame, the vertical dashed lines indicate the
center-of-mass velocity, V., and the maximum and mini-
mum energetically allowed velocities, ¥y, and vy, . These
velocities are calculated for a target gas at rest. Figure 3
shows the axial velocity distributions of the CZH; CT prod-
ucts. At all collision energies, the velocity distribution exhib-
its an intense band at near zero laboratory (LAB) velocity.
These ions are produced primarily in near resonant charge-
transfer collisions involving little or no momentum transfer.
A second broad band of forward scattered ions including
velocities exceeding vy, is also observed. The relative inten-
sity of this band drops rapidly with increasing collision en-
ergy. This band is attributed to smaller-impact parameter col-
lisions involving longer-lived intermediates.

In the past, we have demonstrated that TOF distribu-
tions, for which the scattering is primarily induced by an
attractive interaction, can be modeled with the osculating
complex model?*~? to infer product excitation.!"'%?® In the
osculating complex model, every collision process is as-
sumed to proceed via a rotating complex that decays with an
exponential random-lifetime distribution. The solid lines in
Fig. 3 are linear least square fits of basis functions calculated
using the osculating complex model. Basis functions are cal-
culated for discrete translational exoergicities, AEr, and a
specified complex rotational period to complex lifetime ratio,
7,/7,., and intensity peaking angle, 6. The functions include
all experimental broadening mechanisms.'? The normalized
fit coefficients, ¢;, yield the translational energy transfer dis-
tribution for the products at collision energy, Ey. Note that
AE;>0 corresponds to internal-to-translational energy
transfer and AE;<0 corresponds to translational-to-internal
energy transfer.

Figure 4 is the graphic representation of the translational
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FIG. 4. Graphic representation of the translational energy transfer distribu-
tions of the CT products obtained from the normalized simulation coeffi-
cients yielding the best fits to TOF spectra shown in Fig. 3.

energy transfer distribution of the CT products deduced from
the simulation. The widths of the bars reflect the resolution
of the simulation. At all collision energies, two complex ro-
tational period to lifetime ratios, 7,/7.,=3 and 7,/7.=20,
are needed to provide an adequate fit to the data. The short
lifetime component with 7,/7,=20 (filled bars) represents
the long-range direct process. At all energies, a single basis
function calculated for AE;=0 adequately reproduces the
near-thermal energy band of the TOF distributions. The
longer-lived complexes corresponding to 7,/7.=3 (open
bars) account for those events producing forward-scattered
jons and result in broad product internal energy distributions
with an approximate 50% average translational energy con-
version. The translational energy transfer distributions of the
7,/7.=3 component are peaked towards complete
translational-to-internal energy transfer at 0.63 eV, signify-
ing a near-statistical partitioning of complex energy. At
higher collision energies, the peak of the distributions shifts
towards a lower fraction of translational-to-internal energy
transfer. The data in Fig. 3 do not include the very slow ions
that have not been recorded within the time window of the
experiment. These slow ions, the intensity of which is deter-
mined from the difference between pulsed TOF mode and
CW cross sections, are assumed to be primarily produced in
a long-range direct process. They are accounted for in the
weight of the 7,/7,=20 component shown in Fig. 4. The
osculating complex model results are validated by comparing
the direct scattering fraction to those predicted by modeling
the cross sections with Eq. (12). At 0.63 eV, for example,
Eq. (12) indicates that 70% of the cross section is attributable
to the constant, direct component. The TOF analysis in Fig. 4
attributes 64% to direct scattering. Meanwhile, at 1.81 eV,
Eq. (12) predicts that 80% of the cross section is due to a
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FIG. 5. Axial velocity distributions of the C,H,0* product ions as a func-
tion of collision energy. The solid lines are calculated osculating complex
model distributions for representative discrete translational energy transfer
values and direct scattering. The velocities v, and vy, are indicated for
both HCCOH* and CH,CO™.

direct mechanism, while the TOF analysis produces 86%.
The observed agreement is well within experimental and
modeling uncertainties, the latter being primarily governed
by the determination of the average complex lifetime of the
longer-lived component.

The axial velocity distributions for production of
C,H,0™" at different collision energies are shown in Fig. 5,
along with sample simulations (solid curves), for a discrete
translational energy transfer and a short-lived intermediate.
Note that for this product channel, two values of v, and
vy, are indicated for the two isomers, HCCOH™ and
CH,CO™. The C,H,0" velocity distribution extends t0 ¥y
and v, at all energies. At 0.56 eV, the distribution is
slightly forward scattered with a large fraction of
translational-to-internal energy transfer, as indicated by the
comparison to a sample direct scattering simulation calcu-
lated for a discrete energy transfer of 0.45 eV. The primary
beam defines the forward direction of the scattering. At en-
ergies at and above 1.88 eV, the velocity distribution is pref-
erably backscattered with decreasing forward-scattered in-
tensity. The distributions also exhibit a sharp drop in
intensity as the velocity approaches v.,. The simulations
show that this drop corresponds to a loss in signal for colli-
sions with a translational-to-internal energy transfer exceed-
ing approximately 1.2 eV.

Figure 6 shows the CH; and the COH"/HCO™ axial
velocity distributions at 1.88 and 3.14 eV. A narrow distri-
bution symmetric with respect to v, is observed for CH; at
both collision energies, signifying high product internal ex-
citation. This is consistent with the interpretation that CH;
can be associated with a CH; +CO+0 channel, as deter-
mined from the observed onset. Very similar velocity distri-
butions shown in Fig. 6 are also observed for the
COH*/HCO" products. The signal centered at v, implies
that the m/z =29 products are either highly internally excited
or two neutral products, H+CO, are formed, in which case
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FIG. 6. Axial velocity distributions of the CH; and COH*/HCO™ product
ions at E;=1.88 and 3.14 eV. The velocity v, is indicated for both COH*
and HCO*.

the H atom would carry off most of the translational energy.
The gaps in the velocity distributions in the 5000-6000 m/s
region are artifacts resulting from imperfect subtraction of
primary jon mass/contaminant signal.

Product velocity distributions centered near v, can have
two possible origins: the formation of longer-lived interme-
diates or very-small impact parameter collisions involving
high translational-to-internal energy transfer. In the past we
have demonstrated that the energy dependence of the differ-
ential cross section for forming c.m. forward-scattered prod-
ucts in cases where a direct process is backscattered is well
suited in identifying the source of the forward scattering.>?
If longer-lived intermediates governed by the attractive inter-
action potential are responsible for the forward scattering, an
E; 05 dependence is expected for an ion-induced dipole in-
teraction, while an energy independent or increasing cross
section with collision energy is expected in the case of hard-
sphere-type scattering involving a repulsive potential. The
fraction of product ion signal, I( v} p= Vem)s multiplied by the
cross section obtained in the pulsed TOF mode yields the
forward-scattered cross section o(v; »> Vem) shown in Fig. 7
as a function of collision energy for the charge-transfer chan-
nel. A power law fit to the charge-transfer cross sections
yields an E;'! dependence, implying that the forward-
scattered signal is primarily attributable to Jong-range forces.
The sharper drop off compared to induced-dipole predictions
could possibly be attributed to competition with the chemical
reaction channels. A plot including the sum of the forward-
scattered cross sections of C,H;, CH;, COH*/HCO™, and
C,H,07 is also shown in Fig. 7. This plot yields a power law
of E;%®, which is closer to our predictions. The sum of
forward-scattered cross sections, however, exhibits a trend of
leveling off above 2 eV. This is an indicator that the
forward-scattered cross sections of CH; , COH*/HCO®, and
C,H,0" may have important small-impact parameter, hard-
sphere scattering components. It is, therefore, concluded that
the ~E 1! dependence cannot be interpreted as evidence for




4296 J. Chem. Phys., Vol. 110, No. 9, 1 March 1999

1
Energy (CM, eV)

FIG. 7. Energy dependence of the forward-scattered cross section of charge-
transfer product ions (@) as well as the sum of the forward-scattered cross
sections of C,H;, CH;, COH*/HCO", and C,H,0" product channels (H).
The solid lines are power law fits.

competition between charge-transfer and chemical reaction
channels in the complex channel.

C. Density functional calculation of (0,-C,H,)*
intermediate ions '

We have conducted a density functional survey of the
(C,H,0,) " doublet hypersurface to provide a qualitative pic-
ture of the relative energetics for relevant intermediate ion
structures. Geometry optimizations are carried out at the
B3LYP/6-31G(d), B3LYP/6-31G(d,p), and B3PW91/6-
31G(d,p) levels (GAUSSIAN 94).28 These methods were cho-
sen since they were successfully applied in a previous study
of the CH,+C,H; system. The methods provided different
results for H-atom bridged structures, in which case the
B3PW91 model was found to be more accurate.” Figure 8
displays the optimized structures for local minima D-(V)
obtained at the B3LYP/6-31G(d) level. Only minor differ-
ences are found in optimized structures calculated at the
B3LYP/6-31G(d,p) and B3PW91/6-31G(d,p) levels. The en-
ergetics of the determined local minima are listed in Table I,

1m
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TABLE L Relative energies (eV) of local minima (I)-(V), in reference to
the reactant energies calculated at the same level of theory.

Intermediate B3LYP/ B3LYP/ B3PW91/

structure 6-31G(d) 6-31G(d,p) 6-31G(d,p)
1 —4.672 —4.659 —4.618
I —1.684 -1.675 —-1.741
111 ~1.437 —-1.418 —1.474
v -0.93 —-0.935 —1.113
\' —0.751 —0.833 —0.781

in reference to the reactant energies that are calculated at the
same level of theory. The B3LYP/6-31G(d) energetics are
shown schematically in Fig. 9. The potential energy shown
here includes the zero-point energy and thermal energy (300
K), determined from normal frequency calculations,”® and is
plotted with respect to the reactant energy, which is indicated
by a horizontal dotted line. The most stable structures are the
glyoxal ion conformations (I) and (IT), while structure (Iv)
resembles most closely an association complex. In the case
of adjacent oxygen atoms, the separation is indicated to al-
low comparison with O, and 0, equilibrium bond distances
of 1.2 and 1.1 A, respectively. It is worth noting that glyoxal
jons have been previously examined theoretically using re-
stricted Hartree-Fock (RHF), complete active space self-
consistent field (CASSCF), and valence bond self-consistent
field (SCF) methods.***! The remaining structures involve a
vinylidene association complex (III) and the CH-insertion
structure (V). The relative energetics of these intermediate
species calculated at the B3LYP/6-31G(d,p) and B3PW91/6-
31G(d,p) levels are very similar to those calculated at the
B3LYP/6-31G(d) level.

IV. DISCUSSION

The present measurements of cross sections and product
recoil velocities for the 0; +C,H, collision system exhibit a
number of collision mechanisms. Although a large number
of exothermic channels exist, only charge transfer is impor-
tant at near-thermal collision energies, implying that impor-
tant constraints exist for the open chemical reaction chan-

+

FIG. 8. The optimized structures of the determined lo-
cal minima of the C,;H,05 doublet hypsersurface. Bond
lengths are in A and angles, denoted by brackets, are in
degrees. Note that the hydrogen atom symbol is not
shown.
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nels. The near-collisional efficiency of charge transfer is not
surprising when considering the favorable Franck-Condon
factors at resonance between low vibrational levels of O, and
C,H, and their respective ions. Relevant asymptotic energy
levels are shown in Fig. 10, where it is seen that due to the
considerable O, vibrational populations up to v=4, excited
charge-transfer surfaces associated with Oz(alA g) and
0,(b'2 ¢) products may be accessed. It is consequently pos-
sible that the CT cross section exhibits a substantial O; vi-
brational energy dependence. The translational energy de-
pendence of the charge-transfer cross section demonstrates
two long-range mechanisms: one involving momentary cap-
ture, and the other a direct mechanism given by a constant
charge-transfer radius and a probability that does not change
significantly with collision energy. The ~30 A2 direct cross
section signifies a charge-transfer radius exceeding 4.4 A,
assuming a charge-transfer probability, P=<0.5.

These findings are fully consistent with the present TOF
measurements. Contributions from direct and complex-
mediated scattering can be clearly distinguished in the
velocity-transformed spectra. The presently applied osculat-
ing complex model (Fig. 4) provides ratios between direct
and complex scattering that agree well with those obtained
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FIG. 10. Asymptotic energy levels of the (0O,+C,H,)* charge-transfer sys-
tem. The vertical scale at the left is referenced with respect to thermal
reactant neutrals. The vertical scale at the right is the relative energy with
respect to the thermal ion-molecule reactant pair.
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when modeling the CT cross sections with Eq. (12). The
long-range nature of the direct scattering is expressed in the
negligible translational energy transfer, while broad energy
transfer distributions are observed in collisions involving
longer-lived intermediates.

The forward-scattered charge-transfer cross section asso-
ciated with complex formation has a steeper decline than
Er 05 the ion-induced dipole capture cross section depen-
dence. This may be attributed to an increased competition
with chemical reaction channels as the total energy of the
collision complex increases. The main chemical reaction
products at near-thermal collision energies are C,H,0" and
COH'/HCO®. These ion fragments may be associated with
intermediates (III), and (I} or (II), respectivély, of Fig. 9. The
slowly increasing cross sections with energy at low energies
point towards one or more endothermic transition states that
connect to intermediates (IIT), and (I) or (IT). A reaction pro-
ceeding via intermediate (II[) would be consistent with a
CH,CO* isomeric product (reaction 2b) versus HCCOH™
(reaction 2a). The decreasing C,H,0™ cross section with en-
ergy above 1 eV, and the simultaneously increasing CH;r
cross section suggest that CH, is a dissociative decay prod-
uct of CH,CO™", further corroborating this isomeric form.
This is also consistent with the determined CH; threshold,
that is in good agreement with the CH; +CO+O thermody-
namic limit of 1.33 eV, and the substantial translational en-
ergy transfer observed in the TOF spectra (Fig. 6). Mean-
while, the C,H,0" recoil velocity distributions (Fig. 5)
demonstrate a marked intensity loss in the backscattered
component at translational-to-internal energy transfers ex-
ceeding ~1.2 eV, above which CH,CO" is subject to disso-
ciative decay. Interestingly, a corresponding feature is not
observed in the forward-scattered component, where the sig-
nal is preferably close to v, . This is indicative of different
scattering dynamics in the forward and backscattered trajec-
tories. One possibility is that the forward-scattered signal
involves high transverse velocity components, thereby ob-
scuring the sharp loss of signal attributable to dissociation.
Another possibility is that the energy transfer is substantially
higher in the case of forward scattering, and that dissociation
does not occur because an HCCOH™ isomeric form is in-
volved.

The transition from primarily forward to backscattered
C,H,0" distributions as the collision energy is raised can be
explained by the change in minimum impact parameter re-
quired to transfer sufficient energy to access the transition
state at low collision energies. At low energies, very small
impact parameters are necessary leading to rebounding tra-
jectories at 0.56 eV, which are observed as forward scatter-
ing. At higher energies, larger impact parameter ‘‘glancing’’
collisions can provide the necessary internal excitation of the
collision complex, resulting in predominantly backscattered
distributions. This interpretation, however, is more symp-
tomatic of a direct mechanism. Clearly, given the short com-
plex lifetimes determined from the osculating complex
analysis of the CT recoil \\'elocity distributions, the distinc-
tion between complex formation and direct scattering is am-
biguous. It may, therefore, be assumed that both direct, ‘‘re-
pulsive wall’’ scattering and scattering attributable to an
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attractive interaction leading to longer-lived intermediates
play a role in the observed laboratory forward-scattered
chemical reaction products.

COH*/HCO™ product cross sections do not appear to be
in direct competition with any other products. The similar
energy dependence to that of C,H,0" at low energies may
be an indicator that these products are accessed through the
same transition state and then follow a different path to
structures (I) and (II) prior to decaying dissociatively. Geom-
etries (I) and (IT) suggest that m/z=29 products are prima-
rily formyl ion, HCO™.

The energy dependence of the CO™ cross section is also
comparable to C,H,0" and COH*/HCO™ products at low
energies, where CO™ cannot be associated with secondary
decay products of COH*/HCO* and CH,CO™ because the
associated channels (6¢) and (6d) are closed at low energies.
Interestingly, CO™ must, therefore, be formed in conjunction
with CH,0 or CO+H, [reactions (6a) and (6b)], respec-
tively, and is, consequently, not associated with simple dis-
sociation of one of the calculated intermediates. The fact that
the low-energy cross sections are an order of magnitude
smaller than those observed for CH,CO*+O and
COH'/HCO'+HCO products, for which a corresponding
intermediate can be identified, is evidence that the presently
calculated intermediates at least partly control short-range
dynamics of this collision system.

In previous studies of state-selected CZHQL +ND; and
C,H; +CH;0H reactions, Anderson and co-workers observe
only reactions involving simple hydrogen bond fission or
charge transfer,>*? even though several stable covalently
bound intermediates exist that have dissociation paths lead-
ing to other reaction products. In the present reaction system,
charge transfer is the predominant reaction product at all
energies, and no hydrogen atom or hydride ion transfer reac-
tions are observed. There is clear evidence that covalently
bound intermediates that decay to chemical reaction products
play a role at small impact parameters, as evidenced by the
CH,CO™ and COH"/HCO™ product channels. However, the
cross sections for these reactions are less than 1 A? at colli-
sion energies below 2 eV. This indicates that the competition
from facile proton and hydride transfer reactions in the state-
selected C,H, studies reduces the probability of passing
through the transition states to stable intermediates to an ex-
tent that the sensitivity of the respective experiments is in-
sufficient to observe associated reaction products, as sug-
gested by Anderson and co-workers.>2

Similar to the O* +C,H, collision system,® a number of
highly exothermic chemical reaction channels exist, all of
which are inefficient at low collision energies. In the
O*+C,H, case, the reactions are interpreted as proceeding
through an excited charge-transfer surface, and the possibil-
ity of a poor orbital correlation between reactants and the
critical reaction intermediate is suggested. The poor effi-
ciency of the chemical reaction channels of the O; +CH,
system could be explained by a reaction coordinate that
passes through a weakly endothermic transition state/or in-
termediate. This is consistent with the similar low-energy
cross section energy dependences of the three most impor-
tant reaction products, C,H,0*, COH*/HCO* and CO™.

Chiu et al.

The presently applied density functional methods are not
considered suitable to make a reliable search of this transi-
tion state.

V. CONCLUSIONS

The presently investigated 0; +C,H, collision system
can be categorized by the following mechanisms: At large
impact parameters, charge transfer is the prevailing product
channel at all investigated collision energies. Near-resonant
product state-to-state transitions are preferred, typical of a
long-range mechanism leading to cross sections comparable
with the Langevin cross section at near-thermal collision en-
ergies. Complex formation becomes an important mecha-
nism at smaller impact parameters. The complexes have very
short lifetimes that are on average approximately one third
the complex rotational period. At 0.63 eV, the absolute com-
plex lifetime is sufficient to observe near-statistical energy
partitioning in the CT products. At higher collision energies,
new complex decay channels become possible, leading to
highly excited chemical reaction products. An endothermic
transition state associated with a vinylidene association com-
plex (IT) and a glyoxal ion intermediate (I or II) could ex-
plain the low chemical reactivity at low energies despite the
high respective exothermicities. These intermediates lead to
the main chemical reaction products, HCO* and CH,CO™,
through simple one-step dissociation. CH; is identified as a
sequential decay product of CH,CO*. A more complicated
reaction path leads to CO™, which has a cross section that is
an order of magnitude smaller than that of the C,H,0" and
COH*/HCO" products at low collision energies. Very small
impact parameter (ballistic) collisions can lead to small ion
fragments such as CH* and C7* that have cross sections that
rapidly increase with collision energy above threshold.
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The reaction of 0O*(‘S) and No(¥ ‘Z;) revisited: Recoil velocity analysis of the NO* product

D. J. Levandier', R. A. Dressler, Y.-H. Chiuf and E. Murad
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Abstract

The guided-ion beam method has been used to measure time-of-flight (TOF) spectra of the NO" produced

in the reaction of O*('S) and No(X 'S?). Particular care was taken to minimize the participation of the 0'(*D,’P)
metastables in the reactions, the success of which is validated by measuring the absolute cross section for the
reaction as a function of collision energy in the near-thermal to 1.5 eV range. In this range, the cross section
exhibits a region of low reactivity at near-thermal energies, which can be obscured by reactions of metastables and
other effects, and a region of sharply increasing reactivity above a threshold of collision energy =~ 0.3 eV.

The velocity-transformed TOF spectra, at collision energies of 0.51 €V, 0.80 eV, 3.2 eV and 6.3 eV,
indicate two reaction mechanisms: in the first, product ions are scattered backward with inefficient translational to
internal energy conversion; in the second, product ions arise from intermediate collision complexes with efficient
translational energy conversion. The first mechanism is associated with the passage through the spin-forbidden
doublet ground state N,O" intermediate, while the second involves passage through an endothermic quartet

intermediate.
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Introduction

The reaction
O'+N, > NO"+N AH=-1.09¢eV ¢))

which involves the most abundant ion and neutral in the ionosphere F-region, has been studied extensively. All of
the standard experimental techniques have been applied to the study of this reaction through the energy range from
thermal to a few eV1-14 and there have been some endeavors in theory.!15-2! The cross section for reaction (1) at
low collision energies is bimodal, exhibiting a threshold at ~0.3 eV, 10 corresponding to a rapid increase in reaction
efficiency to a maximum of ~4 A2 at ~10 eV, where NO" dissociation then becomes accessible. In the pre-
threshold region, the cross section is of the order of 0.1-0.3 A2 The form of the cross section in this low energy
region has been attributed to the details of the N,O" potentia],ls'19 which indicates a mechanism that involves
spin-forbidden surface hops to and from the N,O doublet ground state at pre-threshold collision energies. The
threshold is consistent with the availability of a quartet reaction pathway, via the N,O*(1*A") state which forms an
effective barrier of ~0.2-0.3 ev.10,17-19

Despite the attention given to reaction (1), there are open questions regarding the dynamics involved,
particularly with respect to the energy disposal. Knowledge of the disposition of energy in the products, whether
through translational to internal energy conversion or due to the exothermicity, which is sufficient to produce NO*
with three quanta of vibrational excitation, will allow further insight into the reaction mechanism. Moreover, this
information would be required if efforts in modeling the ionosphere and air plasmas at lower altitudes are to

include the effects of internal energy.

Previous investigations into the dynamics of reaction (1) have met with limited success. The results of
merged beam expen'ments,5 which featured measurement of the component of product kinetic energy along the
beam axis, were affected by the presence of Ot and N, excited states. A recent state-selected, GIB study of the
reactions of O" and N; illustrates the importance of avoiding the 0"(*D,’P) metastables when ground state species
are of interest.13 This is particularly true for O*(*P), which has a larger cross section below ~0.5 eV that increases
with decreasing collision energy. The thermal rate of reaction (1) has also been shown to increase dramatically for
Ny(v 2 2).1%12 In a crossed beam study,” limited to collision energies of 21.50 eV, doubly differential cross
sections were obtained that were in poor agreement with the merged beam results. A beam~—cell study, limited to
energies above ~1.8 eV, may also have been subject to contamination by O" metastables.>

Although lower in resolution than crossed beam studies, the cylindrical symmetry and 100% product ion
collection efficiency of GIB time-of-flight (TOF) measurements provide many advantages when determining recoil
velocity distributions of ions.22 In the study presented here, a GIB instrument is used to measure product TOF
spectra from which the product velocity distributions are obtained. Care was taken to minimize the participation of
O" excited states, the success of which is confirmed by comparison of the measured cross section to that from other

studies.

Experimental

The apparatus used in this study has been explained in detail previously,23 so only a brief description is
given here. The instrument is a tandem mass spectrometer equipped with a rf octopole ion guide located between
the mass filters. The octopole has two stages, the first of which is 7.4 cm in length and passes through a 3.5 cm
long collision cell. The second octopole stage begins at the exit of the collision cell and is 16.7 cm long. Lens
systems exist for injecting ions into the first octopole stage and for extracting ions from the second stage prior to
analysis.

Primary O" ions are produced in an electron impact ion source using CO, as a precursor gas for
dissociative ionization. By working with an electron energy of ~20 eV, 0.9 eV above and 2.3 eV below the
appearance potentials for O*(‘S) and O'(*D), respectively, it is possible to form O" almost exclusively (299%) in its
ground state. In the present study, this is easily checked by measuring the O* + N, charge transfer cross section,
which is negligible below the 1.97 eV thermochemical threshold for charge transfer onto 0'(*S). ForleV
collision energy, the charge transfer cross sections for 0*(D) and O*(°P) are ~20 A* and 30 A2 13 respectively, so
even a 1% population of metastables in the primary ion beam is discernable. The ion beam is turned through 90°
in a dc quadrupole bender, mass selected in a Wien filter, and then injected into the first octopole at the desired




kinetic energy. Unreacted primary ions and ions resulting from reactions in the collision cell pass into the second
octopole, which is typically biased 0.3-0.4 V below the first octopole to aid in the extraction of thermal product
ions from the cell. To minimize the occurrence of secondary reactions in the collision cell, the N, target gas is
maintained at a pressure of ~0.25 mTorr. The ion beam energy is known to better than £0.1 eV, with beam
spreads typically of 0.22-0.25 eV fwhm, as measured by the retarding potential method and by time-of-flight.

Absolute cross sections are determined by integrating the mass spectrometer signal intensities for the
product and transmitted-primary ions, monitoring the pressure of the target gas, and using the low density limit of
the Lambert—Beer expression, as has been described before.23

To avoid the effect of very slow primary ions trapped within the octopole, the cross section measurements
are carried out using a pulsed mode in which the ion beam and octopole of are turned off briefly. The trapping of
Jow energy primary ions, which may result from surface potential barriers, has the result of increasing the apparent
cross section since the ions can simply reside within the ion guide until they undergo a reactive collision.24 In the
present study, a 5 ms pulsing cycle is used, with the octopole 1f turned off for the last 25 ps of the period to allow
the slow ions to escape from the ion guide. The ion beam is turned on 5 ys after the rf potential is restored, and
remains on for 4.5 ms, the remainder of the period being used to collect the product ions derived from the latter
part of the ion beam pulse. The pulsing scheme is illustrated in figure 1a. Also shown in figure 1b are the results
of an experiment in which the cross section for reaction (1), at 0.19 eV collision energy, is measured for different
pulsing cycle periods, with the rf and ion beam off-time unvaried. The cross sections measured with this pulsing
scheme are compared to continuous mode data.

TOF spectra ar¢ measured by pulsing the primary ion beam, using a 3 ps ion beam pulse width, and
measuring the flight time of product ions arriving at the detector. Very slow ions, which would otherwise result in
a background signal in subsequent pulse cycles, are eliminated at the end of each cycle by briefly turning off the

octopole rf potential.
Results and Analysis

Figure 2a shows the absolute cross section measured in the present study for production of NO" from
collisions of 0O*(*S) and No(X IE;) at kinetic energies in the range of near-thermal to ~1.6 eV. The data have been
corrected for the primary jon residence time effect using standard deconvolution procedures.zz»25 The data exhibit
a threshold at ~0.3 eV, below which the cross section is a nearly constant 0.03-0.06 A2 The cross section rises
steeply from the threshold through the remainder of the studied range; at 1 eV the cross section is 1.0 A
" The same results are plotted in figure 2b in the form of an energy dependent rate constant. The rate

constant, k((Er)), is obtained from the cross section, 6(E7), by the expression k({Er)) = v-o(Er), where (Ery is the
average relative translational energy and v is the relative velocity. Also illustrated on this plot is the agreement
between the present data and the results of drift tube? and high temperature flowing afterglow experimems.12 The
high temperature flowing afterglow data were converted from temperature (7) to kinetic energy (KE) using the '
usual KE = 1.5kgT, where k3 is the Boltzman constant. The only noteworthy differences are the slight rise of the
flowing afterglow data at ~0.2 eV, due to vibrational enhancement, 2 and the lack of a clear minimum in the
present data, due largely to the width of the distribution of collision energies in this work.

As indicated above, monitoring of the charge transfer reaction O" + N2 = N,* + O, which is negligible for
0*('S) at energies below 2 eV, indicates that the jon beam used in this study should include less than 1% of the
0*(2D,2P) metastables. The cross section presented here compares well with the first GIB studies of reaction (1) by
Burley, et al.,10 in which the primary ion beam was purged of metastable O" by passing the beam through an N;
charge transfer cell prior to reaction. The agreement between the present work and the drift tube rate constant,
illustrated in figure 2a, is similarly good. The same reaction was also recently studied using state-selected GIB
experiments,13 and agreement between those results and the present data are reasonable. Moreover, the state-
selected data, which include the cross sections for reaction with the O' metastables, further confirm that the present
study is not significantly affected by reactions of these species. Specifically, the O*(*P) cross section is appreciable
at near thermal collision energy and decreases with increasing energy, typical of exothermic ion—molecule
reactions. At 1 eV the Cross sections for O'('S) and O*(*P) are of similar magnitude, and below this energy the
latter cross section is much larger, suggesting that the presence of O*(*P) in our ion beam would severely affect our
cross section in the near-thermal region.

Figure 3 presents the results of NO™ TOF experiments at collision energies of 0.51 eV, 0.80¢eV,3.2eV
and 6.3 eV. The raw TOF data have been transformed to the velocity domain, as described previously,26 and are



plotted as a function of v{,, the component of product ion laboratory velocity parallel to the ion beam axis. Also
shown in each case is the corresponding velocity distribution for the primary ion beam, confirming the narrow ion
beam energy spread. On each plot are indicated the velocity of the center of mass and the energetic limit of
forward and backward (in one case) laboratory velocities. In this work, the forward direction is defined as the ion
beam direction, and corresponds to velocities greater than the velocity of the center of mass (vcm). The lowest
energy TOF data, at Er=0.51 eV, represents a practical limit in sensitivity, because of the small cross section, and
was attempted as a means of providing information on the pre-threshold mechanism.

The TOF data suggest two mechanisms for reaction (1) in the included energy range. In the lower energy
TOF spectra, there is a strongly back-scattered component that dominates at £7= 0.51 eV and which decreases
with increasing energy, relative to the second component. The second component appears as a shoulder in the
velocity distributions at Er = 0.51 eV and 0.80 eV, and includes products which are scattered in both the forward
and backward directions. In both these spectra, the forward-scattered intensity decreases monotonically, with very
little intensity at velocities approaching the thermochemical maximum.

The shoulder, which appears to be located near vey in the lower energy TOF data, grows in relation to the
strongly back-scattered component until it dominates the product velocity distribution at Er = 3.2 eV. At this
collision energy, this component exhibits similar intensities in the forward and backward directions, with a
discernible peak in the forward direction at v;, ~ 4000 m/s. In the velocity spectrum at Er = 6.3 eV, the forward-
backward component, now the only mechanism, is asymmetric with respect to vy and peaks in the forward
direction at vi, ~ 5500 m/s with a broad tail to lower velocities.

The component with forward and backward scattering is reminiscent of a complex-mediated reaction. At
the lowest collision energies the details are difficult to discern due to the back-scattered component and low
velocity ‘pile-up’ from the time-to-velocity transform. At E7= 3.2 eV, however, these product velocities are nearly
symmetric about vcy, indicating a complex with lifetime comparable to the rotational period of the complex. The
TOF spectrum also indicates a significant degree of internal energy in the products, as evidenced by the peaking
well below the thermochemical limit. The velocity distribution for E-= 6.3 eV is consistent with a complex whose
lifetime is somewhat shorter than its rotational period, which is expected for complexes formed at higher collision
energies. At still higher energies such a reaction mechanism typically evolves to direct dynamics. Indeed, the
peak in this velocity distribution is near the spectator stripping limit,27 as indicated by the arrow in figure 3, which
is consistent with similar observations in other studies for collision energies of this magnitude.3’5 .7

‘The present TOF results agree well with the merged beam? and crossed beam’ studies only at higher
collision energies, where réaction (1) appears to proceed via a direct mechanism to yield forward-scattered NO.
At lower collision energies, the results of the three experiments differ significantly. The merged beam study spans
the energy range examined here, and includes product kinetic energy scans at Er = 0.5 ¢V, 0.8eVand3.0¢eV,
nearly coinciding with the lower energies for which the present TOF data were obtained. At the two lower
energies, the merged beam experiments indicate nearly symmetric forward and backward scattering, with
significant NO" product intensity at the thermochemical limits. This clearly does not correspond with the present
TOF data at Er = 0.51 eV and 0.80 eV, in which the forward scattered product intensity diminishes at velocities
well below the thermochemical limit, and in which the scattering is dominated by a strong backward component.
The difference between the two experiments may be attributed to contributions from excited states of the reactant
jon and molecule in the merged beam study. Similarly, the 3.0 eV merged beam results feature more forward-
scattered intensity than in the present study.

In the crossed beam work, the product ions for the lowest collision energy studied, 1.5 eV, are primarily
forward scattered, with a peak well beyond the spectator stripping value and with considerable intensity near the
thermochemical limit for reaction (1). Due mostly to the absence of back-scattered product, this is in clear contrast
to the present results, and to the results of the merged beam study in which data are also available for Er=15¢V.
The lack of back-scattered NO in the crossed beam experiment may relate to the combination of the kinematics for
this system and the restricted range of laboratory angles for detection.?8 The former constraint dictates that back-
scattered ions have very low laboratory velocities in that study, making them very susceptible to stray fields, and
the latter limits the experiment to viewing only a fraction of back-scattered ions.

To quantify the TOF results with regard to reaction energy disposal, which we consider in terms of the
translational to internal energy transfer, AEr, we have modeled the TOF velocity distributions for the experiments
at Er=3.2 eV and 6.3 eV using the osculating complex model.2® The simulations are compared with the
experimental distributions in figures 4a and 5a. We have detailed our implementation of this model in previous
work 2630 however an outline is given here. In this model, a reaction is regarded as proceeding via a weakly




bound, orbiting complex with an exponential decay time proportional to exp(-t/.), where 7 is the complex
lifetime. The product recoil energy, given by AE, is assumed to be independent of scattering angle, and is
governed by the ratio %/%, where 7 is the complex rotational period. Under these conditions, for an experiment at
a given collision energy, a basis set of laboratory axial velocity distributions, Si(vip;AEr;, 7:), may be constructed in
which the adjustable parameters are 7= 7/7, and AEy, and which account for the experimental broadening
mechanisms. The simulations are linear combinations of the basis functions derived by a least squares fit to the
experimentally observed distributions:

f(Vip)=ZcfS;(V{p;AET,,Ti), )

where the fit coefficients, c;, are equivalent to the probability of a particular value of translational exoergicity,
P(AE7). The plots of P(AE7), in figures 4b and 5b, represent the distributions of translational to internal energy
transfer for the reactions at Er= 3.2 eV and 6.3 eV, respectively.

In figure 4a, the osculating complex model (solid curve) recovers the E7 = 3.2 eV TOF data (solid circles)
reasonably well, especially at higher velocity where there is contribution from only one of the reaction
mechanisms. This fit was achieved with a single value of 7= 1, indicating a complex with average lifetime similar
to its rotational period. Although the present model may also be used to simulate direct dynamics, by using very
large values of 7, the near thermal products were not modeled in this case. The energy transfer distribution for
reaction at Er= 3.2 eV, figure 4b (solid curve), is very broad and peaks at approximately AEr = -2.2 eV. The
distribution indicates a substantial degree of energy transfer, with typically only 1 eV of energy retained in
translation. '

To confirm the collision complex mechanism, a TOF experiment was carried out at £+ = 3.2 ¢V in which
the octopole f trapping potential is reduced. When interpreting the TOF data, it must be remembered that the
velocity distributions consist of projections of the product ion recoil velocity vector onto the octopole axis. Asa
result, complicated, wide-angle scattering could hinder the extraction of information on energy partitioning from
the TOF data. In the present experiment, large transverse velocity components can be discriminated by reducing
the radial trapping potential. The result of this experiment is included in figure 4a (open circles). The
distinguishing feature of the low rf velocity distribution is the diminished intensity at vcu, which is the behavior
expected for the decay of a weakly bound complex. Product ions derived from an orbiting complex would be
scattered isotropically (with respect to ven), with a velocity distribution independent of scattering angle. In this
case, product ions with parallel laboratory velocity near vey may have a large transverse velocity component and
would escape the ion guide when the lower trapping potential is used, as is observed in this experiment. The
greater loss of back-scattered ions, compared to forward-scattered ions, can be attributed to losses of low energy
jons due to octopole rod surface potential barriers, which are of greater consequence at low rf amplitudes where the
jon trajectories pass closer to the rod surfaces.

To substantiate the validity of the osculating complex model, the low rf data at Er = 3.2 eV was also
modeled. Purely osculating dynamics would resuit in the same energy transfer distribution as seen in the high rf
experiment. A basis set of velocity distributions was used that has the same value of © and which also accounts for
the loss of product ions above a calibrated transverse velocity.31a32 The fit is, again, satisfactory at higher
velocities, as illustrated in figure 4a (dashed curve). The energy transfer distribution derived directly from the fit
to the low rf data, in figure 4b (dashed curve), is in good agreement with the distribution determined in the high rf
experiment, further confirming the complex-mediated mechanism. The low rf data also compare well with a
simulation (dotted curve) derived by using the basis functions for the low rf configuration and the energy transfer
distribution for the high rf experiment.

Figure 5a—5b depicts the results of the osculating complex modeling of the Er= 6.3 eV TOF experiment.
At this collision energy, the channel that dominates the low energy reaction, giving rise to the strongly back-
scattered products, is no longer prominent, so the simulation reproduces the experimental data over essentially the
whole range of product laboratory velocity. The resulting energy transfer distribution, for a set of basis functions
constructed with a single value of 7= 4, is similar in form to the translationally exoergic distribution derived from
the lower energy experiment. The distribution is broad and peaked at large values of kinetic to internal energy
transfer, again about 1 eV remaining as translational energy.

The energy disposal in the strongly back-scattered component, at the lower collision energies, is more
difficult to discern and only an upper limit of product internal excitation can be provided. At these low collision



energies, because reaction (1) is exothermic, back-scattered product ions with velocities approaching the
thermochemical limit travel backward in the laboratory frame, and cannot be directly measured in the TOF
experiment. Although it is possible, in the present experiment, to recover the signal intensity due to such product
ions by imposing a potential barrier that reflects these species into the forward direction, the velocity information is
not preserved. The peaks at v'1, = 0 in the TOF spectra at the lower collision energies, Er=0.51 ¢V and 0.80 eV,
are narrower than the experimental resolution, indicated by the ion beam widths. This suggests that the back-
scattered component may feature larger center-of-mass velocities than are indicated in the TOF spectra. The
measured zero-velocity signal can therefore be taken to represent an upper (lower) limit of internal (translational)
product energy for the relevant collision energy. For the Er=0.51¢V and 0.80 eV experiments, the upper limit on
product internal energy amount to ~0.9 ¢V. TOF measurements of the NO* fragment in threshold
photoion—photoelectron spectroscopy studies, with excitation into the N,O" X 1 state at energies just above the O*
appearance energy, indicate somewhat lower fragment internal energy>> and, therefore, are consistent with the

present evaluation.

Discussion

Based on their relative behavior with respect to collision energy, we assign the strongly back-scattered
component to the pre-threshold reaction and the forward-backward component to the mechanism associated with
the threshold. The osculating complex model simulations and the comparisons of high and low rf TOF
experiments at Er = 3.2 eV strongly support the suggestion that, as reaction (1) gains access to the N,O*(1*A")
surface, the reaction proceeds primarily via a collision complex. Both the broad energy transfer distributions, with
peaking nearer high values of translational to internal energy transfer, and the values of 7= 1 and 4, derived from
the fits of the data at £y = 3.2 ¢V and 6.3 eV, respectively, are consistent with this picture. Moreover, the increase
of 7with collision energy, implying decreased lifetime, is typical for a reaction via an intermediate complex.

The ability to fit the data for Er = 6.3 eV with a single value of =4, a value consistent with a short-lived,
osculating complex, indicates that the dynamics at this collision energy cannot be accounted for exclusively by the
direct, forward scattering implied by the spectator stripping mechanism mentioned above. The spectator stripping
model has been discounted previously, based on the fact that the maximum, at ~10 eV, and decline at higher
energies of the cross section for reaction (1) is attributed to the loss of NO™ via dissociation; the spectator stripping
model dictates a threshold for dissociation of 13.3 eV.19 The present results suggest that the true threshold for
dissociation may be obscured by the usual decline of cross sections with collision energy in reactions proceeding
via complexes. ‘

Attributing the strongly back-scattered channel to the pre-threshold reaction calls into question the actual
mechanism that gives rise to the near thermal species. Earlier flowing afterglow® and flow-drift® studies indicate
the participation of a weakly bound complex in the thermal to near-thermal energy regime, an interpretation based
largely on the decrease of the rate constant with temperature or collision energy. The TOF data presented here
indicate that the mechanism giving rise to these strongly back-scattered products comprises a reversal of direction
of the oxygen moiety, which indicates a mechanism that involves either low-impact parameter, rebounding
collisions or a collision complex formed via large impact parameters. Either mechanism should, however, yield a
broader v",,, distribution than indicated here, encompassing the broad angular scattering and energy release
distribution expected in each case.

The unusual product velocity distribution associated with the pre-threshold channel for reaction (1)
implies very constrained dynamics. The large kinetic energy release may be explained, for either the rebounding
or complex-mediated mechanism, by an exit channel barrier, possibly due to a phase space bottleneck associated
with the exit channel doublet to quartet surface hop. This picture is in keeping with the fact that the exit channel
to which the N,O" 1°A” surface correlates adiabatically is repulsive. 17 Such a bottleneck could also dictate that
only very specific trajectories successfully negotiate both passages across the N,O* X TI(17A",1°A")-
1*A”(1"TI) crossing seam and sample the chemical exchange region of the potential energy surface. In a complex-
mediated mechanism, this spatial constraint could manifest itself in the very particular range of impact parameters
that give rise to the sharply backward angular behavior observed. Fora rebounding mechanism, the lack of broad
angular scattering indicates a narrow range of small impact parameters, corresponding to those capable of
overcoming this bottleneck. The behavior of the cross section at thermal energies, decreasing with increasing
collision energy, can also be explained on the basis of this limitation on reactive trajectories. For reactions
occurring at fixed impact parameters, in either mechanism, the efficiency of the quartet to doublet transition while




passing through the surface crossing region diminishes with increasing velocity, as has been pointed out
previously.lo’15 Without the constraint on impact parameters, however, there would exist a preference for large
impact parameter collisions, during which the radial velocity is very small and would enhance the reaction
efficiency.

Previous theoretical efforts have focussed on the mechanism for reaction (1) at higher collision energies,
above the observed threshold, and have mostly treated the pre-threshold reaction qualitatively,15'19 suggesting
either a long-lived complex mechanism!? or a three-body mechanism, 17 the latter of which has been disproved as
the principal pre-threshold mechanism. 10 Theoretical studies aimed at explaining photoionization and
fragmentation of N,O" were not concerned with also explaining the behavior observed in the reaction studies.20-34
A better understanding of the thermal mechanism will require a renewed effort in theory, with the accurate ground
and excited N,O surfaces needed to account for the effects on the dynamics of both the chemistry, and the surface
hopping transitions, including the type of motion involved in the coupling, radial or rotational.

The present results, combined with those from other studies, permit some broad suggestions regarding
product state distributions for reaction (1). The energy transfer distributions derived with the osculating complex
model for the TOF experiments at Er = 3.2 ¢V and 6.3 eV indicate a high degree of product internal excitation.
The energy transfer distributions are very broad and peak approximately 1 eV below the maximum available
energy. This is reminiscent of a process that is nearly statistical, in keeping with a complex-mediated reaction in
which the complex survives long enough for extensive energy randomization to occur. It may be expected that at
lower collision energies, still above threshold, the complex lifetimes are sufficiently large to allow a statistical
energy distribution in the products.

Statistical considerations would suggest that in the intermediate energy range, represented here by the
experiments at E7=3.2 ¢V and 6.3 eV, the dominant complex-mediated mechanism should result in the product
internal energy residing primarily on the diatomic product. Moreover, for reactions proceeding on the N,O'(1*'A")
surface, production of atomic nitrogen in its lower excited states of (*D,?P) involves a spin-forbidden transition.
The importance of this last point is supported by the observation of stripping-like behavior at the higher collision
energies,§’5’7 the modeling of which assumes a ground state atomic product. At still larger collision energies,
where dissociation of the diatomic product is energetically possible and results in the eventual decline in cross
section, 10,13 the NO* that does survive should have high internal excitation.

Conclusion .

The absolute cross section of the reaction O™ (*S) + No(X¥ 12;) — NO* + N has been remeasured in a
guided-ion beam experiment, in the threshold region between near-thermal energy and 1.5 eV. This measurement
agrees well with previous guided-ion beam measurements, in which particular care was taken to avoid reactions
with OF m'etzistables,lo_713 and with the results of drift tube® and high temperature flowing afterglow1? studies.
Time-of-flight spectra of the NO” product were obtained at four collision energies, 0.51 eV, 0.80 eV, 3.2 eV and
6.3 eV. The TOF data indicate two distinct mechanisms in the energy range studied. At thermal to near-thermal
energies, reaction proceeds by a mechanism that may feature highly constrained dynamics yielding products with
large backward velocities (in the center of mass frame) and, consequently, with little internal energy. At energies
above the cross section threshold, analysis using the osculating complex model shows that reaction occurs via a
weakly bound collision complex, which generates products with substantial internal excitation. These findings are
of considerable importance in the context of modeling of ionospheric processes involving NOY, in both the thermal

and hyperthermal energy ranges.
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Figure Captions

L

a) Pulsing scheme used to eliminate effects of trapped primary ions. A 5 ms period is used, during which
time the octopole rf potential is on for all but the last 25 us, the interval required for trapped ions to
escape the octopole volume. The ion beam is turned on 5 ps after the rf potential is restored, and it
remains on for 4.5 ms.

b) Effect of the period length on the apparent cross section measured at Er=0.19eV. The dashed line
indicates the measured cross section when the normal experiment configuration is used, with a continuous
octopole rf field and ion beam. The points are cross sections measured at different period lengths, while
keeping the rf and ion beam off intervals constant.

a) Absolute reaction cross section for O*('S) + No(¥ 'I;) - NO* + N as a function of collision energy.
b) The same data have been converted to a rate constant (solid circles), a function of average kinetic
energy, as outlined in the text. The data are compared to data from drift tube (open triangles; ref. 9) and
high temperature flowing afterglow (open squares; ref. 12) experiments.

Time of flight data for the NO” product ion from reaction (1) for the indicated collision energies (solid
circles). The data have been transformed to the laboratory velocity reference frame. The velocity spectra
represent the distributions of the product velocity component parallel to the primary ion beam direction.
The solid curves are the ion beam velocity distributions. The horizontal lines indicate: short dash —
velocity of the center of mass vcy; long dash — minimum (in one case) and maximum possible product
laboratory velocities. In the plot for £ = 6.3 eV, the arrow indicates the most probably product velocity
for the Spectator Stripping mechanism.

Results of analysis of TOF data for £+ = 3.2 ¢V using the osculating complex model.

a) The solid and dashed curves are the osculating model simulations for the laboratory velocity
distributions obtained with normal and low rf amplitudes, respectively (solid and open circles). The
dotted curve represents the laboratory velocity distribution calculated using the low rf basis functions and
the energy transfer distribution derived for the normal rf experiment. The dashed vertical line is vy

b) The solid and dashed curves are the translational energy transfer distributions derived from the fits
shown in (a) for the normal and low rf experiments, respectively.

Results of analysis of TOF data for Er = 6.3 eV using the osculating complex model.

a) The osculating model simulation of the laboratory velocity distribution (solid circles). The dashed
vertical line is vou.

b) The translational energy transfer distribution derived from the fit shown in (a).
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